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SECTION 1

INTRODUCTION

11Pureose

This volume provides a detailed description of the simulator pro-

gram from a functional, structural, and operational point of view.

The primary purpose of the program is to permit the evaluation of

the navigation and attitude errors resulting from the mechanization of

a strapdown inertial navigation system, uslnq dotailed sensor models,

in a highly dynamic tactical aircraft environment. This purpose should

be emplementary to that of another CSD-developed simulation (R-977),

which assumed "perfect" sensors, and was diroected towards the evaluation

of the computational errors resulting from the mechanization of the

navigation and attitude equations in a digital computer. During tho

latter part of the present task the simulated navigation computer soft-

ware was modified to conform with the "upqraded" version of the algorithms.

employed in the reference insofar as was possible without changing the

structure of the program.

The equations developed or presented in analytical form in Volume II,

appear in this volumc in program mnemonics in "Fortranesque" form.

1.2 Prograa l'unctioni

Although the program consists of a number of quasi-independent,

replaceable modules, as will be described later, it may be more easily

understood in terms of the four major functions performed.



The first function is the aircraft profile or trajectory genera-

tion. The intended source of the gross vehicle dynamics (position, k)
b

velocity, v; attitude, _, specific force, a; angular velocity andacelraio, b and )

acceleration, wb and b) is the AFAL profile generator program,

PROFGEN. For test and checkout, the present version of the INSS

employs a simplified, self-contained, non maneuvering, "gross" profile

generator. The linear and angular vibration environment is generated

in another module and superimposed on the gross trajectory.

The profile generator provides both a reference profile and the

forcing functions which drive the simulated sensors.

The second function is the simulation of the dynamics of the

inertial measurement unit (IML,) and the barometric altimeter. Three

single degree of freedom, floated, rate integrating, wheel-type gyros

or three ring laser gyros may be simulated, plus three, single-axis

pendulous accelerometers. Specific force and angular velocity from

the profile or trajectory are the primary forcing functions for the

inertial components, while the models are defined by the input para-

meters for the sensorv.

The INU simulator provides the incremental angles, A0, and incre-

mental Velocitios, AV'. and the indicated bavometric altitude, h, to

the navigation computer interface unit, just as if they were obtained

from actual sensors.

The third function is the simulation of a navigation (and attitude)

computer for a stralxown aircraft inertial ' -vigation system (INS). The

first major subtask of the navigation computer is to correct the _v_'s

and *s, using the loaded values of the component parwmters and the

co Onsation models, so that the resultant computed values, AVb and
AP , approach the integrals of the specific force and angular rate,

output by the profile generator.
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The second major subtask of the navigation computer is the updating
i b

of the body to inertial transformation, Cb, using the AO 's, and the
th

subsequent transformation of the AV's from the body to the inertial:.!. --c
frame.

rho final major subtask of the navigation computer is the updating

of the position, c and velocity, V , and the extraction of the attitude
P' :-C

angles, C, in the navigation and attitude algorithms.

.1 The fourth function is the evaluation of the errors produced by

tho second and third functions relative to the reference values

generated by the profile.

The evaluation module outputs both the instantaneous, reference

values of position, velocity, and attitude and the "errors" in the

computed values of the sam=e.

This gross functiotal breakdown of the INSS is illustrated in

Figure 1-1.

1.3 Overview of Functiunal Structure

The INSS program cor,.istas of a owabor of modules, each of which

Jrformu part or all of one of the four major. fuctio s described

in the preceding Subsection.

Each module containu itt own initialization data (UPILE) which

includeso modulo paramoter and timing and control. In addition,

each has acceat to a phy~ical data file (PUATA), which provides

phy'ical constants and the initial conditions. for the simulated flight.

There really is no oxecutive for the INSS proqram in the normally

understood soese, only a sequencer, which calls the mod-uei in order

and, in sum canos, buffers some of the mvdui input/output data.

Hence in expanding the description of the program, the sequenter does

not enter into the picture directly, bayorl establishing th order Xn

which the modules are called.
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In terms of the individual modules the INSS program performs the

following functions:

1. Provides a flight profile for a point-mass aircraft executing

coordinated maneuvers. Profile includes position velocity,

acceleration and attitude of the aircraft.

2. Superimposes on the flight profile, the angular and linear motion

of the aircraft in response to random aerodynamic forces such as

gusts and turbulence.

3. Operates on the specific force and angular velocity to produce

the ideal body frame values of these quantities and the correspond-

ing anqular acceleration.

4. Integrates the gyro and accelerometer equations of motion, of the

form specified, after accounting for the displacements of the

inertial components from the "center" of the point-mass vehicle,

and their orientations with respect to the body frame. Incorporates

effects of component parameters and environment on component out-

puts.

5. Reads true altitude and perturbs the same according to the alti-

meter model.

6. Transmits sensor data from simulated IMU to simulated navigation

computer, and resets sums.

7. Performs accelerometer compensation function (this is essentially

the inverse of the accelerometer model - with errors and omissions).

8. Using compensated accelerometer outputs (AV's) and gyro outputs

(A's) performs the gyro compensation (again, this is essentially

the inverse of the gyro model - with errors and omissions).

9. Updates the body to inertial frame transformation (direction cosine

matrix, d.c.m.) and transforms the incremental velocities to the

inertial frame (either a d.c.m. or a quaternion update may be

employed).
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10. Transforms the incremental velocities to the local vertical wander

azimuth computational frame and computes local vertical position,

velocity, and attitude (incorporating the barometric altimeter for

vertical damping).

11. As required, the navigator outputs are differenced with the flight

profile values and the resulting errors are printed out and/or

plotted.

The foregoing description of the program flow is presented pictor-

ially in Figure 1-2, where the dashed lines indicate the major functions

shown in Figure 1-1.
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SECTION 2

PROGRAM DESCRIPTION

2.1 Introduction

The INSS simulator consists of 11 subprograms (modules) which simulate

the various hardware and software functions in a strapdown system. A

sequencer (main) program interrogates each module in turn at one of two

different user-specified frequencies. Associated with each module are

initialization data files that also contain user-specified switches and

timing specifications so that each module interrogated by the sequencer

can control its own operating time, data output frequencies, initial- and

last-pass program functions. Each module initialization data file (IFILE)

has a unique input/output (I/O) file unit number which is identified with

each module. Also, every module has access to a common data file (PDATA)

that contains physical data and initial-trajectory flight-path parameters

required to initialize certain modules.

In Table 1 are listed the INSS program modules. The default initializa-

tion data files are listed by name and FORTRAN unit number in Table 2. Two

replacement modules are listed with their default data file names in Table 3.

In addition there is a set of library subroutines for the purpose of

performing repeated common calculations.

o Matrix transpose by matrix multiplication (MTXM)

o Matrix transpose by vector multiplication (MTXV)

o Matrix by matrix multiplication (MXM)

o Matrix by vector multiplication (MXV)

o Gaussian random number generator with specifiable

mean and standard deviation (GAUSS)

2-1



Table 1. INSS Programs

Proqram

INSSEQ.FORT Main Executive

INSTRJ.FORT TRJ Interim Trajectory Data-Processor/
Interface Module

INSENV.FORT ENV Hardware Vibration Simulator Module

INSGYR.FORT GYROS Hardware Simulator Gyro Module

INSACC.FORT ACCEL Hardware Simulator Accelerometer Module

INSALT.FORT ALTI Hardware Simulator Altimeter Module

INSRDR.FORT RDR Hardware/Software Interface Module

INSCAC.FORT ACOMP Software Accelerometer-Compensation Module

INSCGY.FORT GCOMP Software Gyro-Compensation Module

INSALG.FORT ALG Software Velocity Attitude Module

INSLLN.FORT LLN Software Navigation Module

INSEVL.FORT EVL Evaluation Module

Table 2. Data Files

Initialization I/O File Initialization I/O File
Data Base Unit No. Data Base Unit No.

SEQ.DATA 10 RDRD.DATA 65

TRJD.DATA 20 CACD.DATA 67

ENVD.DATA 30 CGYD.DATA 69

GYRD.DATA 40 ALGD.DATA 70

ACCD.DATA 50 LLND.DATA 80

ALTD.DATA 60 EVLD.DATA 90
PHYSD.DATA 7
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Table 3. Replacement modules and corresponding data sets.

Program Sub- Initializa- I/O File
Dataset routine tion Dataset Unit No. Function

INSGYRL.FORT GYROS GYRLD.DATA 40 Hardware Simulator

Laser-Gyro Module

INSCGYL.FORT GCOMP CGYLD.DATA 69 Software Laser-Gyro
Compensation Module
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There is also a set of subroutines that are required solely by the

local level navigator module (LLN). These subroutines bave the following

functions,

o Angular velocity calculation (ANGVEL)

o Angular velocity by DT and Coriolis correction (TORCOR)

o DCM second order update matrix (AUP)

o Gravity computation (GRAV)

o 3x3 matrix multiply (MM)

The INSS simulator has the operational flexibility to allow for the

replacement of modules having the same function but different formulation.

The initialization files for each of the modules may be readily replaced

in total or particular data elements within the data file may be replaced.

Printed output frequency may be controlled by the selection of a printing

interval variable in the initialization file of the modules.

2.2 Operation

(1) Module Replacement

In order to replace a module having the same function but different

formulation, it is only necessary to retain the same subroutine name and

argument list. Module replacement is accomplished merely by physically

substituting the appropriate module deck in a batch process computer run

or by editing the program files in the computer storage. The actual re-

placement method is peculiar to the computer setup available.

(2) Data File Replacement

Each of the modules has an associated initialization data file.

Again, for convenience, the whole data file may be replaced by a new file

of data values. This operation may be the physical replacement of data

deck in a batch process or substitution of a data file from a disk or

tape storage. A new data file usually accompanies the substitution of

a new program module.
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(3) Data Value Override

Within any particular initialization file, it is often necessary to use

a different data value for some variable. To accomplish this overriding for

each variable, it is only necessary to append a new record at the end of the

initialization file to be changed. This record requires an (15, F20.10)

format for reading an index number, IX, and data value, DATA(IX). The index

IX, referes to the variable number in the file, for which an override is

desired and the variable DATA(IX) contains the value of the variable. Any

number of overrides may be appended for the same or different variables

within each of the initialization files, since only the latest value is retained.

(4) Simulation Termination

A simulation is normally terminated by the user specifying the termination

time, TEND, in the sequencer (SEO) initialization file. When the simulation

time reaches the value TEND, a last pass indicator, IENDF, is set to 1, so

that each module will receive a last Dass to terminate normally.

(5) Data Output and Print Control

There are several modes for outputting data from the simulator. From

each module, data mav be output at a user specified frequencv as described

in the flow chart, Figure 2-1. The evaluation module (EVL) supplies the basic

output of the simulator and an identical data file to the evaluation module

print file may be stored on disc or tape.
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To provide sufficient flexibility in simulator-data output and

module print control, three user-specified data items are provided to

(1) Allow general data output of all modules at the same frequency.

PRNTDT (s) This data item must be specified in the INSS

common data file (PDATA). This item provides

a general data-output print frequency for all

modules and overrides any values specified in

MODPDT in each module

If PRNTDT-O, module printing occurs only if

MODPDT>O and PRNTSW=l. Printing will then occur

at the frequency specified in MODPDT of each

module. If MODPDT=0, no module printing occurs.

If PRNTDT>O, module printing occurs for all

modules at the frequency specified in PRNTDT if

PRNTSW=l regardless of the values of MODPDT for

each module.

(2) Allow individual module printing at different frequencies.

MODPDT (s) This data item must be specified in the

initialization data file of each module. This

item is used to control the frequency of module

output data printing and provides capability

*1. for different modules to print at different

frequencies.

If MODPDT=O, this state is tested only if

PRNTDT-0, and then no module printing occurs.

If MODPDT>O, module printing occurs at the

frequency specified in MODPDT, provided PRNTDTuO

and PRNTSWWI.

2-6



(3) Provide an individual module-printing on/off switch to control

printing in each module.

PRNTSW This data item must be specified in the

initialization data file of each module and is
simply an on/off switch.

If PRNTSW=0, no module printing occurs regardless

of the contents of MODPDT and PRNTDT.

If PRNTSW>l, module output data printing occurs

provided both MODPDT and PRNTDT are not 0.

The evaluation-module (EVL) data output is in tables containing
trajectory attitude, position, velocity, and the corresponding navigation

errors which are printed online every 50 EVL-module operating cycles if

PRNTSW=l. The user controls EVL-module operating frequency in the usual

way by specifying a value for DT in the initialization data file. See

Fig. 1 for Flow Chart. A tape or disc file may be written on FORTRAN unit

12 with the same format and at the same frequency as the printed output file.

(6) Memory Storage Requirement

The total storage required for the INSS system on an Amdahl computer

is approximately 125k bytes.
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2.3 ::: M::ul: Descriptions

Themodlesand subroutines available for use in the INSS simu-

lator are described. Shown here is an index of the modules.

2.3.1 INSS Sequencer (SEQ)

2.3.2 Interim Trajectory (TRAJ)

2.3.3 Znvironment (ENV)

2.3.4 Gyro (GYROS)

2.3.5 Laser Gyro (GYROS)

2.3.6 Accelerometer (ACCEL)

2.3.7 Altimeter (ALTZ)

2.3.8 Hardware/Software Interface (RDR)

2,3.9 Accelerometer Compensation (ACOMP)

2.3.10 Gyro Compensation (GOOMP)

2.3.11 Laser Gyro Compensation (GCOMP)

2.3.12 Attitude and Velocity Algorithm (Ark)

2.3.13 Local Level Navigator (LWN)

*Angular Velocity (ANGVEL)

*Anyular Velocity by DT and Coriolis Corrections (TORCOR)

a DCZ4 Second Order Update Matrix (AUP)

*Gravity Computation (GRAY)

*matrix Multiply,(HM)

2.3.14 Evaluation (EVL)

2.3,15 Mathematical Sub.routines
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2.3.1 MAIN PROGRAM (SEQ) (INSS SEQUENCER)

(1) General Description

The SEQ module is the main program of the INSS * It functions as

a synchronous executive by calling the hardware subprograms at a fast

frequiency and the software programs at a slow frequency. The two

subroutine call frequencies reflect the different computation rates

needed to simulate hardware and software. It should be further noted

that each subprogram has its own operating frequency at which it per-

forms its function. When called by SEQ, each subprogram performs its

function anew only if its operating cycle time has elapsed. otherwise

it immediately returns control to SEQ. in order to synchronize the

various operating frequjencies the following restrictions apply to

the various cycle times: the slow rate cycle time for calls to soft-

ware subprograms must be an integer multiple of the fast cycle time for

calls to the hardware subprograms; each subprogram operating cycle time

must bo equal to or a greater integer multiple of the cycle time at

which it is called.

(2) sequencer. module Flow, Diagr~am

The general structure of the SEQ module logic. and the order in

which all other vodulos -to iiwakP4 are soni iuel ihrgr

to this flow -hart, 8everal point!u art worthy of particular attention.

silo slow cycle time, which is chosen to reflect computation Eqs~utncy

of the softwaro functioos in a strapdown navigator, is required to be an

integet multip~le of the fast cycle time that indicates the sampling fre-

quency (or data availability) of the trajectory. vibration, and instrument

moasurements, axclusivo of the altimeter module. The PDATA file is

writtent on by the trajectory (ma%) module only. and, with the exception

of tho ovaluat ion (EVL) module, subsequiently becomes an element coamon to

all other modules.

*Each module flow diaqjram is identified as Fiqute 1 within the
module descwiption~ t, pertains to.



TFILES:

TRJD.DATA __PDATA

Call TRAJ TRAJ PFILE

ENV.DATA

ENV ENV

GYRO.DATA

Call GYROS GYRO
4J ACCD.DATA

Call ACCEL ACCEL

No Time
T T+D for Slow

ycle

es ALTD.DATA

Call ALTI ALTI

B.DRD.DATA

Call RD

ACD. DAT AIAD
Call AC MP -4 F

CGYR.DATA---m
U all GCOMP >U L__C>1 ;__.00_
3.1 ALC.:' DATA

call ALG LG

LLND DATA

11 LLN LLN J,
jVLD.DATA 

-
EVL EVL

fNo
End

F igure 1. Sequencer module.

V01 111, Sac_ 2.3.j
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(3) Input

(a) Test Identification File

FORTRAN unit number: 5

FORTRAN format: 9A8

This file consists of one record containing a 72-character user-

specified identification of a simulation run.

(b) Program Initialization File (IFILE)

FORTRAN unit number: 10

FORTRAN format: 15, F20.10

Index Variable Default Units DescriptionValue

1 DT 0.Jl s overall module operating cycle time

2 PRI4TSW 1.0 logical print switch 0 - no print
otherwise - print output

3 OUTPSW 0.0 logical not used

4 XFILE 6.0 logical FORTRAN unit number for printout

5 SPARE1 0.0 not used

6 SPARE2 0.0 not used

7 TEND 60.0 s simulation end time

8 DTSLOW 0.02 s module slow operating cycle time

9 MODPDT 6.0 S module print interval

(c) Common Initialization File (PFILE)

FORTRAN unit number: 7

FORTRAN format: 15, F20.10
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Index Variable Default Units Description

Value

1 WE 0.72921151470E-4 rad/s earth rotation rate

2 RE 20975640.0 ft earth radius

3 G 32.2 ft/s nominal gravity

4 PRNTDT 6.0 s printing frequency

5 to 20 PBUF(l) 0.0 not used

(4) Call-Line Data

Call-line input-output data are not applicable to SEQ.

(5) Formulation

(a) Initialization

The following functions are performed during the first pass.

* SIMEND is initialized to 0.

* Read and print test identification.

* Read and print initialization data (IFILE).

e Read and print common initidlization data (PFILE).

* Set OFILE = XFILE.

o Initialize simulation time at T = 0.

o Each of the program modules is called in sequence as illustrated
in the General Functions Section.

(b) General Functions

SEQ is primarily a series of FORTRAN CALL statements which call

each module in turn at the user-specified sequencer operating frequency.

All interface data are passed from one module to another by parameter

lists where dummy variables are used to protect input data.
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The following is the series of CALL statements sequenced every

operating cycle. The parameter lists are shown with the variable rather

than the dummy name. Data items on the second line of each statement

are module output.

CALL TRAJ
INPUT

(T, IENDF, PRNTSW, MODPDT,

LAT, LON, ALT, VEL, PITCH, YAW, ROLL, DVT,
HDING, WANDER, AB, WB)

OUTPUT

CALL ENV

INPUT

(T, IENDF, AB, WB,

ABB, WBB, WBBDOT)

OUTPUT

CALL GYROS

INPUT

(T, IENDF, WBB, WBBDOT, ABB,

DTHETA)

OUTPUT

CALL ACCEL

INPUT

(T, IENDF, ABB, WBB, WBBDOT,

DV)

INPUT
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CALL ALTI

___INPUT

(T, IENDF, ALT, VEL,

ALTO)

OUTPUT

CALL RDR

INPUT

(T, IENDF, DTHETA, DV,

DTHETO, VDO)

OUTPUT

CALL ACOMP

INPUT

(T ,IEN D, D VO, DTHETO0,

DVA)

OUTPUT

CALL GCOMP

INPUT

*(T ,IE NDF, DTHETODV A,

DTHETZ)

OUTPUT

CALL ALG

INPUT

(T, IENDF, DTHE TZ, D VA,

DVN, DCM

OUTPUT

2-15



CALL LLN

INPUT

(T, IENDF, DVN, ALTO, DCM,

NAVLAT, NAVLON, NAVy, NAVH, N,1P, NAVR, NAVHD)

OUTPUT

CALL EVL

INPUT (ALL)

(T, IENDF, LAT, LON, ALT, VEL, DVT, PITCH,

ROLL, YAW, WONDER, NAVLAT, NAVLON,

NAW, NAVH, NAVP, NAVR, NAVHD)

After each of the CALL statements, a dummy variable IF1, the

switch IENDF returned from each module, is tested. If IF1 = 1, a

flag, SIMEND = 1, is set, otherwise the,:next CALL statement is exe-

cuted. (This is true for all subroutines except the trajectory module.)

The four modules, TRAJ, ENV, GYRO, ACCEL, are called at a fast

cycle -- DT; while the remaining seven modules are called at the slow

cycle -- DTSL.OW.

The following is an alphabetical list giving definitions to the

CALL statement variables.

Variable Units Data Type Description

AB ft/s2 REAL specific force vector in body frame

(from TRJ module)

ABB ft/s 2  REAL specific force vector in body frame
(includes vibrations from ENV module)

ALT ft REAL altitude above sea level (from TRJ
module)

ALTO ft REAL indicated altitude above sea level
from the altimeter

DCM unity REAL direction cosine matrix

DTH-ETA rad REAL vector components of the quantized
integrated change in the X, Y, and
Z gyro input angles from GYRO module
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Variable Units Data Type Description

DTHETO rad REAL vector components of the quantized inte-
grated changc in X, Y, Z gyro input angles
in body frame from RDR module

DTHETZ rad REAL vector components of the compensated quan-
tized integrated change in X, Y, Z gyro in-
put angles in body frame from GCOMP

DV ft/s REAL vector component of the quantized
integral of specific force in the
body frame (from ACCEL module)

DVA ft/s REAL vector components of the compensated
quantized integral of specific force
in the body frame (from ACOMP)

DVN ft/s REAL vector components of the quantized
integral of specific force in the
inertial frame (from ALG module)

6VO ft/s REAL vector components of the quantized
nominally in the body frame (from
RDR module)

DVT ft/s REAL vector components of "true" integral
of specific force in ENU frame (from
TRAJ module)

HDING rad REAL heading (YAW minus WANDER angle) from TRAJ

IENDF logical INTEGER last-pass indicator all modules

LAT rad REAL geodetic latitude from TRAJ

LON rad REAL geodetic longitude from TRAJ

MODPDT S REAL module print interval from TRAJ

NAVH ft REAL computed navigational altitude from LLN

NAVID deg REAL computed navigational hbading from LLN

NAVLAT deg REAL computed navigational latitude from LLN

NAVLON deg REAL computed navigational longitude from LLN

NAVP deg REAL computed navigational pitch from LLN
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Variable Units Data Type Description

NAVR deg REAL computed navigational roll

NAVV ft/s REAL computed navigational velocity vector
in ENU frame

PITCH rad REAL pitch angle (second rotation)

PRNTSW logical REAL print switch (0 - no printout,

printout otherwise)

ROLL rad REAL roll angle (first rotation)

T s REAL current simulation time

VEL ft/s REAL velocity vector in body frame

WB rad/s REAL inertial-angular rate vector in
body frame

WBB rad/s REAL inertial-angular rate vector in body
frame (includes vibrations from ENV
module)

WBBDOT rad/s 2  REAL inertial-angular acceleration vector
in body frame (includes vibrations
from ENV module)

WANDER rad REAL wander angle (clockwise from north
about the local vertical up axis)

YAW rad REAL yaw angle (third rotation)

The following logic is performed at the end of each sequencer

operating cycle.

Check for simulation end, If IENDF = 1, STOP

If T > TEND or If SIMEND > 0, set IENDF = 1 and make one last pass

through each of the modules.

Increment simulation time, and correct for roundoff error.

T = T + DT
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()output

(a FORTRAN unit number: OFILE 6

IfT=0, write '***START SIMULATION***'

At end of simulation, write ""*SIMULATION COMPLETE AT (T at end) SECT

(7) Subroutines Called

No subroutines are called.

It
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2.3.2 INTERIM TRAJECTORY MODULE (TRAJ)

(1) General Description

This module is a replacement module for the old trajectory module,

the latter of which interfaces the AFAL PROFGEN (profile generator) pro-

gram with the INS Simulator. It is used to generate test case trajectory

data in the absence of the PROFGEN program. Essentially, the function

of this module is twofold:

A * The generation of properly coordinated dynamic data to drive

the simulated gyro, accelerometer, and altimeter hardware

modules.

* The provision of navigational reference information (viz.,

"true" position and velocity and attitude) to evaluate the

performance of the entire system.

(2) Trajectory Module Flow Diagram

The general logic flow of the TRJ module is shown in Figure 1.

An expanded diagram of the Print Module and print control is in-

cluded in Section 2.2 of Volume III.

(3) Input

I (a) Module Initialization File (IFILE)

FORTRAN unit number: 20

FORTRAN format: I5, F20.1,0

Index Variable Value Units Description
Index Variale eauet

1 DT 0.01 s module operating frequency

2 PRNTSW 1.0 logical print switch (0 - no print,
otherwise print)

3 OUTSW 0.0 logical not used
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NO -- I INITSW =0, on first pass

500
JIE
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COMPUTE TRANSFORM4A-
TION MATRICES
1. EARTH-TO-NORTH POINTING

PLATFORM QPE

2. WANDER PLATFORM-TO-BODY

3. INERTIAL-TO-BODYH

QBI = QBC QCP QPE QEI

TRANSFORM INITIAL TRANSFORM SPECIFIC
SPECIFIC FORCE AB FORCE AB AND COM-
AND COMPUTE ANGU- PUTE ANGULAR RATE
LAR RATE WB IN BODY W8 IN BODY FRAME
FRAME

:MODULE 
PRINT 

CONTROLAD INITIALIZATON] (see Figure L.
TO PHYSICAL FILE Vl 1,Sc .

W~RITE
PHYSICAL UPAETM
FILE TTRATE TIMEDT

PRINT
INITIALIZATION RTR

DATA

SET INITSW 1RTR

ITTRJ T + DT

Pigure 1. Trajectory mtodule (sheat 2 of 2).

Vol X11, Sec 2.3.2
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Index Variable DfutUnits DescriptionValue

4 XFILE 6 logical FORTRAN unit numiber for
printout

5 ILAT 0.0 deg initial latitude

6 ILONG 0.0 deg initial longitude

7 IALT 0.0 ft initial altitude above sea

level

8IVEL(l) 0.0 ft/s initial velocity (VX)-EAST

9IVEL(2) 0.0 ft/s initial vpocity (VY)-NoRTH

10 IVEL(3) 0.0 ft/s initial velocity (VZ)-UP

11IPITCH 0.0 deg initial pitch angle

12 IYAW 0.0 deg initial yaw angle

13 IROLL 0.0 deg initial roll angle

14 MODPDT 6.0 s module print interval

15 WANDR 0.0 deg initial wander angle

(b) Commion initialization File (PFILE)

FORTPAN unit numberi 7

.1 FORTRAN format: 15, F20.10

Index Variable D altunits Descriptioni
value

1 E 0.7292115147E-04 radis earth rotation r'ate

2 RE 20925640.0 ft earth radius

3 0 32.2 ft/s2  nomiinal gravity

4 PRNrTL) 6.0 s printing frequeocy

5 LATL 0.0 deg initial latitudc
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Index Variable Dfault Units Description

Value

6 LON 0.0 deg initial longitude

7 WANDER 0.0 deg initial wander angle

8 ALT 0.0 ft initial altitude above sea
level

9 ROLL 0.0 deg initial roll angle

10 PITCH 0.0 deg initial pitch angle

11 YAW 0.0 deg 2.itial yaw angle

12 RDOT !.0 rad/s first time derivative of
roll

13 PDOT 0.0 rad/s first time derivative of
pitch

14 YDOT 0.0 tad/S first time derivative of

15 VEL(l) 0.0 ft/s initial east velocity
wrt the earth (VX),

16 VEL(2) 0.0 ft/s . itial north velocity
wrt the earth (VY)

17 VEL(3) 0.0 ft/S Initial kp velocity Wrt
the earth (VZ)

i8 A 1) - 0.0 ft/ 2  longitudinial dpeific
force in body frame (AX)

19 A(2) 0.0 ft/s 2  lateral specific force-
in body frame (AY)

20 AB(3) 040 ft/s normal spcpific force
in body frame (AZ)
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2.3.3 ENVIRONMENT MODULE (ENV)

(1) General Description

The function of the ENV module i.; to simulate the random vehicle

dynamics (e.g., translational auceleration and angular rates) from

sources such as air turbulence. 'rhe alqorithm used in this module takes

a statistical representation, in the form of power-spectral densities

(PSDs), of linear and angiilar displacement vibrations, then computes the

appropriate random displacements (linear and angular) as functions of

time. The algorithm's numerical differentiation of the suitable random

displacement function--twice for trannslational acceleration, once for

angular rate---effectively -;imulates these random vibrations. As outputs

of the ENV module, the translational and angular vibrations are subse-

quently used, ill conmbination with the dynamics transferred by the tra-

jectory module, as the forcing functions of the INSS system.

Although the nominal (default) initialization file for this module

uses the PSD characteristics of a typical low-altitude B-1 (1-ft/s gust

standard deviation) mission (sensed in the forward avionics bay randome),

the user may establish alternative PSD envelope characteristics in this

file. An additional feature of this module is a vibration on/off switch

(VTIBSW), whose value is specified in the initialization file (defaulted

to the "off" position). When vibration considerations are necessary,

simulations require approximately twice as much computer time as would

be the case [f the ENV modult were bypassed.

(2) Environment Module Flow Diagram

The general logic structure of the ENV module is displayed in

Figure I . Internal checks indicating either that the simulation ter-

mination time has been Leached or that insufficient time has elapsed

for the next iteration cycle will force an immediate return to the main

(sequencer) program. If the vibration switch is set to the off posi-

ion (VTInSW 0 0), the only calculation performed before returning control



GULAR A ERETURN

NO

AYES

'Zr"
CULATIO CHANG

TIME N

IF NT RETURN 1 rREADITERTIONINITIALIZATION/
SDATA FILE

Vol III e ..

2NO READ

AND ANGULAR CHANGE IN ANGULAR COEFFICIENTS OF THE
DISPLACEMENT RATE WITH DIFFERENCE

RANDOM NUMBERS RESPECT TO TIME EQUATIONS

ACCELERATION AND RETURN ) WRITE THE /

ANGULAR RATE INITIALIZATIOjN]
RANDOM NUMBERS VARIABLES

ANGULAR RATE

ROTATE INPUT
SPECIFIC FORCE BYI

RANDOM ANGULAR
RATEI

t
C ALCULATE CHANGE
IN ANGULAR RATE

WITH TIME

IF PRINT SWITCHES /Figure 1. Environment module.

ARE SET PRINT
MODULE OTPUT DATA

clt D Vol III, Sec 2.3.3
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to the sequencer is the determination of the inertial angular-acceleration

components in the body frame. The first initialization pass through this

module (INITSW = 0) causes the initialization (IFILE) and physical (PDATA)

data files to be read, coefficients of the difference equations to then

be calculated, and initialization variables to be written before finally

returning to the sequencer's control. The calculations invoked by sub-

sequent passes through this module are shown in the accompanying flow

chart (see Figure 1).

(3) Input

(a) Module Initialization File (IFILE)

FORTRAN unit number: 30

FORTRAN format: 15, F20.10

Index Variable Default Value Units Description

1 DT 0.01 s module operating frequency

2 PRNTSW 1.0 logical print switch (0 - no print,
otherwise print)

3 OUTSW 0.0 logical not used

4 XFILE 6.0 logical FORTRAN unit number for printout

5 S(1) 4.0 unity umber normal /linear

6 S(2) 3.0 unity of peaks lateral displacement

u for each vibration
7 S(3) 0.0 unity PSD (5 longitudinal

kpeaks

8 S(4) 3.0 unity per PSD pitch |ngular
9maximum angulareen

9 S(5) 4.0 unity allowed) yaw splacement
allowd) vbration

10 S(6) 1.0 unity rolli o
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Variables 11 - 40 are peak amplitudes of the six vibration PSD plots, with

up to five peaks per plot allowed in the program. These amplitudes are for

PSD plots normalized to unit wind gust intensity.

Index Variable Default Value Units Description

11 PARMAP(1) 136031.E-9 ft 2/Hz

12 PARMAP(2) 15488.E-9 ft 2/Hz normal-

13 PARMAP(3) 1615.E-9 ft2/HZ linear
displacement

14 PARMAP(4) 17.5E-9 ft 2/Hz vibration

15 PARMAP(5) 0.0 ft 2/Hz

16 PARMAP(6) 10304.E-9 ft 2/Hz

17 PARMAP(7) 59.E-9 ft 2/Hz lateral-

18 PARMAP(8) 3.08E-9 ft2/Hz linear
displacement

19 PARMAP(9) 0.0 ft 2/Hz vibration

20 PARMAP(10} 0.0 ft 2/Hz

21 PARMAP(11) 0.0 ft 2/Hz

22 PARMAP(12) 0.0 ft 2/Hz longitudinal-

2 linear
23 PARMAP(13) 0.0 ft /Hz displacement

24 PARMAP(14) 0.0 ft2/Hz vibration

25 PARMAP(15) 0.0 ft2/Hz

26 PARMAP(16) 262000.E-12 rad 2/Hz

27 PARMAP(17) 64088.5E-12 rad 2/Hz pitch-

28 PARMAP(18) 13226.E-12 rad 2/Hz angular
displacement

29 PARMAP(19) 0.0 rad2/Hz  vibration

30 PARKAP(20) 0.0 rad 2/Hz
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Index Variable Default Value Units Description

31 PARMAP(21) 241902.5E-12 rad 2/Hz

32 PARMAP(22) 24001.5E-12 rad 2/Hz yaw

33 PARMAP(23) 288.5E-12 rad 2/Hz angular
displacement

34 PARMAP(24) 41.E-12 rad 2/Hz vibration

35 PARMAP(25) 0.0 rad 2/Hz

36 PARMAP(26) 72.E-6 rad 2/Hz

37 PARMAP(27) 0.0 rad 2/Hz
roll-

38 PARMAP(28) 0.0 rad 2/Hz angular

2 displacement
39 PARMAP(29) 0.0 rad /Hz vibration

2
40 PARMAP(30) 0.0 rad /Hz

Variables 41 - 70 are half-bandwidths of PSD peaks.

41 PARMWH(l) 3.0 rad/s

42 PARMWH(2) 3.0 rad/s normal-

43 PARMWH(3) 6.0 rad/s linear
displacement

44 PARMWH(4) 4.0 rad/s vibration

45 PARMWH(5) 0.0 rad/s

46 PARMWH(6) 3.5 rad/s

47 PARMWH(7) 8.0 rad/s lateral-

48 PARMWH(8) 6.0 rad/s linear
displacement

49 PARMWH(9) 0.0 rad/s vibration

50 PARMWH(10) 0.0 rad/s

2-29



Index Variable Default Value Units Description

51 PARMWH(ll) 0.0 rad/s

52 PARMWH(12) 0.0 rad/s
longitudinal-

53 PARMWH(13) 0.0 rad/s linear
displacement

54 PARMWH(14) 0.0 rad/s vibration

55 PARMWH(15) 0.0 rad/s

56 PARMWH(16) 3.3 rad/s

57 PARMWH(17) 2.0 rad/s pitch-

58 PARMWH(18) 6.0 rad/s angular
displacement

59 PARMWH(19) 0.0 rad/s vibration

60 PARMWH(20) 0.0 rad/s

61 PARMWH(21) 3.0 rad/s

62 PARMWH(22) 5.0 rad/s yaw-

63 PARMWH(23) 9.0 rad/s angular
displacement

64 PARMWH(24) 3.0 rad/s vibration

65 PARMWH(25) 0.0 rad/s

66 PARMWH(26) 2.0 rad/s

67 PARMWH(27) 0.0 rad/s roll-

68 PARMWH(28) 0.0 rad/s angular
displacement

69 PARMWH(29) 0.0 rad/s vibration

70 PARMWH(30) 0.0 rad/s
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Variable 71 - 100 are center frequencies of PSD peaks.

Index Variable Default Value Units Description

71 PARMO(l) 13.5 rad/s

72 PARMO(2) 21.0 rad/s normal-

73 PARMO(3) 32.3 rad/s linear
displacement

74 PARMO(4) 61.5 rad/s vibration

75 PARMO(5) 0.0 rad/s

76 PARMO(6) 16.0 rad/s

77 PARMO(7) 34.0 rad/s lateral-
linear

78 PARMO(8) 68.0 rad/s displacement

vibration
79 PARMO(9) 0.0 rad/s

80 PARMO(10) 0.0 rad/s

81 PARMO(1l) 0.0 rad/s

82 PARMO(12) 0.0 rad/s longitudinal-

83 PARMO(13) 0.0 rad/s linear
displacement

84 PARMO(14) 0.0 rad/s vibration

85 PARMO(15) 0.0 rad/s

86 PARMO(16) 13.5 rad/s

87 PARMO(17) 21.0 rad/s pitch-
angular

88 PARMO(18) 32,3 rad/s displacement
vibration

89 PARMO(19) 0.0 rad/s

90 PARMO(20) 0.0 rad/s
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Index Variable Default Value Units Description

91 PARMO(2l) 3.0 rad/s

92 PARMO(22) 15.0 rad/s yw

93 PARI4O(23) 33.0 rad/sanur
displacement'A 94 PARMO(24) 67.8 rad/svirto

95 PARMO(25) 0.0 rad/s

96 PARMO(26) 2.0 rad/s

97 PARMO(27) 0.0 rad/s roll-

98 PRMO28) .0 ad. angular

98 PRMO(8) .0 rd/Sdisplacement

99 PARMO(29) 0.0 rad/s vibration

~2100 PARMO(30) 0.0 rad/s

101 MODPDT 6.0 logical module print interval

102 VIBSW 0.0 logical vibration switch (0 - module
bypassed)

103 GUSTLA 1.0 ft /S2

104 GUSTLO 2 2 -lateralwidgs
10 UTO0.0 ft /S longitudinal intensity

22 nozal ( variable2105 GUSTN: 1.0 ft /S

(b) Covninitialization File (PFILE)

FORTRAN~ unit number: 7

FORTPRAN format: 15, F20.10

Index Variable Default Value Units Description

1 WE 0.7292115147E-4 rad/s earth rotation rate

2 R~E 20925640.0 ft earth radius

3 G 32.2 ft/s 2  nominal gravity

4 PRTT6.0 3 printing frequency

5 PBUFMl 0.0 -- not used
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A

(4) Call-Line Data
NPUT

CT, IENDF,

ABB, WBB, WBBDOT

(a) Call-Line Input OUTPUT

Variable Units Data Type Description

T s REAL current simulation time

IENDF logical INTEGER last-pass indicator
-- s2

AB ft/S REAL specific-force vector in body
frame

WB rad/s REAL angular rate vector of body wrt
inertial space in body frame

A
(b) Call-Line.Output

Variable Units Data Type Description

ABB ft/s 2  REAL specific-force vector in body
frame with vibration

WBB rad/s REAL angular rate vector of body wrt
inertial space in body frame
with vibration included

2
WBBDOT rad/s REAL angular acceleration vector of

body wrt inertial space in body
frame with vibration included

(5) Formulation

(a) initialization Function

The switches INITSW, INl, and IN2 are initialized to zero in DATA

statements. The following functions are performed on the first pass,
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if INITSW 0 and IENDF 0, and the module operating cycle time

has elapsed.

" Read and print initialization file (IFILE).

" Read common initialization file (PFILE).

* Set OFILE = XFILE.

In order to calculate thie coefficients of the difference equation

form of the solution of the normal state space equation (Vol.,II, Sec. 4

for a theoretical discussion), the following (up to 30) terms are com-

puted for no more than five allowable PDS peaks for each of three linear

(normal, lateral, or longitudinal) and three angular (pitch, yaw, or roll)

displacement vibration types.

The number of PSD peaks are specified by S(J), where subscript J

identifies the displacement vibration type.

The first term in each of two uncorrelated, zero mean, unity vari-

ance Gaussian random sequences, ETA and ZETA, are computed for each of

the possible 30 PSD peaks.

Then, the following variables for each of the K-PSD peaks "(S PSDis

times 6 displacement types) are defined. First, multiply the PSD peak,:

amplitude per unit wind-gust intensity by gust intensity variance product

corrected for units.

AP 21* PARMAP(K) * GUST(J)

where

J ito 6 for the six displacement vibration types

with

GUST() GUSTNR, the normal-linear vibration.

GUST(2) = GUSTLA, the lateral-linear vibration.

GUST(3) - GUSTLO, the longitudinal-linear vibration.
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GUST(4) =GUSTNR, the effect on pitch-angular vibration o
the normal-linear vibration.

GUST(5) =GUSTLA, the effect on yaw-angular vibration of the
lateral-linear vibration.

GUST(6) =GtJSTLA, the effect on roll-angular vibration of the
lateral-linear vibration.

Then, define the half-power bandwidth to central frequency ratio
of each PSD peak

A WH/WO

where

WH PARMWH(K)

WO PARMWO(K)

Now, the undamped natural frequency is

=~~~ -1-A/) 2)1/4

The damping ratio is

E (l -(WO/WN) 2 /2)1/'

and the filter gain is

P ( -(l 2E ))*AP

initialize the displacemeonts of previous pass for the K-PSD peaks as

XlPRV(K) 0.0

X2PRV(K) =0.0
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Calculate the resonant frequency

WR WN*(l E

For convenience and economy of notation, the following variables

are defined

Z = E*WN

El = EX~t-2*Z*DT)

C ASIN(E)

2
U (1 - El)/(4*Z*WR

2 2
+ (El*(Z*COS(2*WR*DT)- WR*SIN(2*WR*DT)))/(4*WN *WR)

-E/(4*WN*WR2

2
R (1 - El)/((4*E*WR )/WN)

- (El* *COS (2*WR*DT + 2 *C) -WR*S IN (2*WR*DT + 2 *C)))/4*WR)
2

+ (ZhCOS(2*C)- WR*SIN(2*C))/(4*WR)

2
IIIV (Fl. - l)*SIN(C)/(4*E*WR

4 2
-(El*(Z*SIN(2*WR*DT + C) + WR*COS(2*WR*DT + C)))/4*WN*WR

V + (WR*COS(C)+ Z*SIN(C))/(4*WN*WR)

Finally, the required coefficients of the difference equation form.

of the solution of the normal state spade equation are computed. For

each PSD peak the set of coefficienits comiputed is

B = u ~2 1/ 2*F1/ 2  2

P R ,*Fl/*WN 2

P12 (SIN(WR*D>T)*LXP(-Z*DT))/WR

P22 COS(WR*DT)- (Z/WR)*SIN(WR*MT)*EXP(-Z*DT)

P11 2*Z*P12 + P22

P21 2
P21 -WN*P12
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where B, H, P are the coefficients of the noise' .erms ETA and ZETA

,and P11, P12, P21, and P22 are elements of the transition matrix.

The K'th set of coefficients is stored as the K'th elements in a

set. of coefficient array variables.

COEFl(K) B

COEF2 (K) =H

COEF3(K) P

COEF4 (K) P12

CPOEF5 (K) P22

COEF6 (K) P13.

COEF7 (K P21

Now set the specific~ force, the body inertial-angular rate, and

the body inertial-angular acceloration ira the body frame as

A813 AD

A'WBBLOOT (0.0, 0.0, 0.0).

PR~IT4 out the initiali~ation data.
Set r.NXT$W I and increment the simulation tim~e

T1WV 10 + DT

and return to the main program.

z (b) Genoral iPunction

if the vibration switch

VZI3SW < 0
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then the vibration computation is bypassed and the inertial angular

rate of the previous pass is defined as

WBBOLD WBB

and then

WEB WB

ABB = AB

WEBDOT = (WBB - WBBOLD)/DT

The results are printed, the simulation time is incremented

TENV + DT

And there is a return to the main program.

If the vibration switch

VIBSW Z 1

The module generates sequences of random numbers ETA and ZETA, to

force the linear difference equations, and Y is initialized to zero

for each of the PSDs.

The random processes Xl(I) and X2(I) are generated for each of

the I spectral density peaks for each single displacement vibration type

Xl(I) = Pl*XlPRV(I) + P12*X2PRV(I) + H*ETA + B*ZETA

X2(I) - P2*XlPRV(I) + P22*X2pRV(I) + P*ETA
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and solved for the random process, Xl(I). On the first pass after

initialization, when IN2 - 0, each value of Xl(I) is divided by the

module operating frequency to obtain a velocity, and that velocity

is summed over the power spectral density peaks in a summation on the

index variable I

y - Y + Xl(I)/DT

On succeeding passes, the above summation is replaced with

Y = Y + (Xl(I) - XlPRV(*))/DT

The Y variable is controlled in a summation with index J which identifies

the J'th value of Y as the J'th vibration type. The J'tI. value of Y is

inserted as the J'th element of the array variable RAND via

RAND(J) = Y

for each of the six displacement vibration types.

The values Xl(I) and X2(I) are stored in array variables repre-

senting the previous values for the next solution loop

XlPRV(K) - Xl(I)

X2PRV(K) - X2(I)

and IN2 is set to 1. This completes the vibration generation.

Now the environment output, angular rates, and specific forces,

which include vibration-induced motions, are calculated. First, set

the body angular rate with vibrations from previous pass to

WBBOLD - WiB
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Then, the three linear-displacement vibrations

DELVB - first three components of RAND

Now, compute the change in specific force due the vibration

DELAB = (DELVB - DELVBP)/DT

where DELVBP is the DELVB of the previous pass.

Now redefine

DELVBP = DELVE

the DELVBP as the BELVB of the previous pass for the next pass.

The three angular-displacement vibrations are defined as

DELWB = last three components of RAND

i.e., the angular-displacement vibrations of pitch, yaw, and roll,

respectively.

The components of the angular-displacement (pitch, yaw, and roll)

vibrations are added to the angular rates in the body frame

WBB(l) = WB(l) + DELWB(3)

WBB(2) = WB(2) + DELWB(l)

WBB(3) - WB(3) + DELWB(2)
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The transformation matrix that establishes the turbulence-induced

change in body attitude is computed from

(DELWB(2) (DELWB(1)
1.0 I

+ DELWBP(2))/2DT, + DELWBP(1))/2DT

iI

QBBCHG = - (DELWB(2) , (DELWB(3)
1.0

+ DEWBP(2))/2DT a + DELWBP(3))/2D

II
a

(DELWB(l) -(DELWB(3)
1 1.0

+ DELWBP(l)) /2DT 1  + DELWBP(3))/2DI1
I a

where the terms of the matrix are the vibration-induced rate, and its

previous pass value averaged and used over the time increment.

Then, the total change in body attitude is given by

* * *
QBB = QBBCHG * QBBPRV

* *
where QBBPRV - QBB of the previous pass. On the first pass after

initialization

QBBPRV = I

from a computation time initialization.

The terms of the vibration-induced angular rate, DELWB, from the

current pass are stored as DELWBP

DELWBP - DELWB
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Now, the attitude matrix, QBB, is orthonormalized. First, compute

the cross-product matrix, QTQ,

* 3* T
QTQ = ( I - OBB OBB)/2

*
where I is the identify matrix.

Orthonormalization of QBB is complete with the computation

* * *

QBB = QBB * QTQ

Next, the rotated specific force is computed

*

ABB = QBB *

and the nominal gravity times the linear-displacement vibrations for

longitudinal, lateral, and normal displacements are added-tO

the body frame components of the specific force without vibration

ABB(l) = ABB(l) + DELAB(3)*G

ABB(2) = ABB(2) + DELAB(2)*G

ABB(3) = ABB(3) + DELAB(1)*G

* *

The attitude matrix, QBB, of the current pass is stored as QBBPRV

for use in the next pass.
* *

OBBPRV = QBB

Finally, the angular accelerations, WBBDOT, are calculated

WBBDOT = (WEB - W-BOLD)/T

Output is printed, and the simulation time is incremented

TENV - T + DT

and there is a return to the main program.
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(6) Output

(a) Print

FORTRAN unit number: OFILE = 6

On the initialization pass, the title, "ENVIRONMENT INITIALIZATION"

and the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when

PRNTSW > 1. See Section 2.2 for print control logic. The printed

output ic, as follows:

Variables Units Description

A ft/s 2  specific-force vector in body
frame without vibrations

WB rad/s angular-rate vector in body
frame without vibrations

ABB rad/s specific-force vector in body
frame with vibration included

WBB rad/s angular-rate vector in body
frame with vibration included

WEB-DOT rad/s2  angular-acceleration vector in
body frame with vibration
included

(7) Subroutines Called (See Section 2.3.15)

MXV = matrix by vector product

MXM = matrix multiplication

MTXM = matrix transpose by matrix product

GAUSS(AM,SD) = Gaussian random number generator
function with mean, AM, and

standard deviation, SD.
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2.3.4 GYRO MODULE (GYROS)

(1) General Description

The GYRO module simulates the performance of three conventional

single-degree-of-freedom (SDF) rate integrating gyros. Instrument

kinematics are modeled on the basis of one of three available (user-

specified) differential equations: a "performance" model (without

gyro inertia or damping terms); a first-order differential equation

(with only gyro damping); and a second-order differential equation

(with both gyro damping and inertia). Also simulated in this module

are the following gyro sensitivities:

• Acceleration sensitivity (both g and g-squared terms).

* Instrument misalignments.

" Anisoinertia.

* Output-axis coupling.

" Quantization levels.

" Scale-factor errorL (both positive and negative).

" Scale-factor-error rate sensitivity (both positive and

negative).

" Bias.

" Bias transient at turn-on.

" Random bias (exponentially correlated).

Although the user may select any alternate gyro parameters by modifying

the attendant initialization data file, the nominal (default) parameters

used by this module correspond to the CSDL 18 IRIG Mod B gyro in an

analog rebalance loop.

(2) Gyro Module Flow Diagram

The general flow logic of the gyro module is illustrated in

Figure 1.
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(3) Input

(a) Module Initialization File (IFILE)

FORTRAN unit number: 40

FORTRAN format: 15, F20.10

Index Variable Default Value Units Description

1 DT 0.01 s module operating timestep

2 PRNTSW 1.0 logical print switch (0 - no print,
otherwise print)

3 OUTSW 0.0 not used

4 XFILE 6.0 logical FORTRAN unit number for printout

5 SPARE1 0.0 not used

6 SPARE2 0.0 not used

7 CO 7000000.0 dyn-cm/ gyro damping coefficient
rad/s

8-12 --- not used

13 QGBX(l) 1.0 unity

14 QGBX(2) 0.0 unity

15 QGBX(3) 0.0 unity

16 QGBX(4) 0.0 unity X-gyro transformation matrix

17 QGBX(5) 0.0 unity from body coordinates to gyro
(input, output, spin) coordinates

18 QGBX(6) 1.0 unity

19 QGBX(7) 0.0 unity

20 QGBX(8) -1.0 unity

21 QGBX(9) 0.0 unity
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index variable Default value Units Description

22 QGBY(l) 0.0 unity

23 QGBY(2) 1.0 unity

24 QGBY(3) 0.0 unity

25 QGBY(4) 1.0 unity
Y-gyro transformation matrix

26 QGBY(5) 0.0 unity from body coordinates to gyro
(i.nput, output, spin) coordinates

27 QGBY(6) 0.0 unity

28 QGBY(7 0.0 unity

29 QGBY(8) 0.0 unity

30 QGBY(9) -1.0 unity/

31 QGBZ(l) 0.0 unity

32 QGBZ(2) 0.0 unity

33 QGBZ(3) 1.0 unity

34 QGBS(4) 1.0 unity
z-gyro transformation matrix

35 QGBZ(B) 0.0 unity from body coordinates to gyro
(input, output, spin) coordinates

36 QGBZ(G) 0.0 unity

37 QGBZ(7) 0.0 unity

38 QGBZ(8) 1.0 unity

39 QGBZ(9) 0.0 unity

40 H 151000.0 gm-cm 2Is angular momentum of gyro wheels

41 ---------- not used

42 QOANT 0.00007 arcsoc quantization level of digitized
change in angle
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Index Variable Default Value Units Description

43 BIAS(l) -0.31 deg/h X-gyro

44 BIAS(2) -0.31 deg/h Y-gyro bias levels

45 BIAS(3) -0.31 deg/h Z-gyro

46 K 3100000000.0 gm-cm 2/s2  rebalance loop elastic restraint

2
47 I 226.0 gm-cm gyro output axis moment of

inertia

48 DELI 14.0 gm-cm2  gyro spin axis minus input axis
moment of inertia

49 --- not used

50 KI(l) 1.12 deg/h/g X-gyro

51 K(2)1.1 de/h 1 input axis
51 KO(2) 10.2 de/ acceleration-sensitive Y-gyro

coefficients for

52 KI(3) 1.12 deg/h/g~cefcet o Z-gyro

53 KO(l) -0.032 deg/h/g X-gyro
output axis

54 KO(2) -0.032 deg/h/g acceleration-sensitive Y-gyro

coefficients for

55 KO(3) -0.032 deg/h/g Z-gyro

56 KS(l) -0.62 deg/h/g in axis iX-gyro

57 KS(2) -0.62 deg/h/g acceleration-sensitive Y-gyro

58 KS(3) -0.62 deg/h/g coefficients for Z-gyro

59 KII(l) 0.0 deg/h/g2  -gyroinput axis x input axis

2 acceleration-squared Y-gyro

sensitive coefficients
63 -KSS (2) -0.030 deg/h/g acceleration-squared '-gyro,

64 KSS(3) -0.030 deg/h/g2  for Zgyro
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Index Variable Default Value Units Description

65 K(0(1) 0.0 deg/h/g2 input axis x output axis X-gyro

66 KIO(2) 0.0 deg/h/g 2  acceleration-squared Y-gyro
sensitive coefficient

67 KI10(3) 0.0 deg/h/g 2  for Z-gyro

G8 KIS(i) 0.21 deg/h/g2 X-gyro

2' input axis x spin axis
69 KIS(2) 0.21 deg/bg acceleration-squared Y-gyro

sensitive coefficient
70 KIS(3) 0.21 deg/h/g2  for Z-gyro

71 KOSM) -0.0075 deg/h/g2 X-gyro

2  output axis x spin axis
72 KOS(2) -0.G075 deg/h/g acceleration-squared Y-gyro

sensitive coefficient
73 KOS(3) -0.0075 deg/h/g2  for Z-gyro
74 BIASV (i) 0.0 (deg/h) 2  (X-gyro
75 BIASV(2) 0.0 (deg/h) 2 variance of random bias

75 BIASV(2) 0.0 (deg/h) 2 (exponentially corre- Y-gyro

76 BIASV(3) 0.0 (deg/h)2  lated) tor

77 SFPO(l) -20.0 ppm (X-gyro

positive scale-factor )78 SFPO (2) -20.0 ppm errors for Y-gyro

79 SFPO(3) -20.0 ppm z-gy ro

80 SFMO(l) -54.0 ppm X-gyro

negative scale-factor
81 SFMO (2) -54.0 ppm errors for gyro

82 SFMO(3) -54.0 ppm Z-gyro
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Index Variable Default Value Units Description

83 MODPDT 6.0 s module print interval

84 ORDER 0.0 logical order of differential equation
model (0 = performance model,
1 = first-order differential
equation, 2 = second-order
differential equation)

85 TRANSl(1) 0.0 deg/h X-gyro
exponential decay

86 TRANSI(2) 0.0 deg/h turn-on bias Y-gyro
initial values for

87 TRANSI(3) 0.0 deg/h Z-gyro

88 TRANTC(l) 200.0 s X-gyro
exponents decay

89 TRANTC(2) 200.0 s turn-on bias Y-gyro
time constant for

90 TRANTC(3) 200.0 s Z-gyro

91 SFPI (1) 0.0 ppm/rad/s X-gyro
positive

92 SFPI(2) 0.0 ppm/rad/s scale-factor errors Y-gyro
varying with rate for

93 SFPI(3) 0.0 ppm/rad/s Z-gyro

94 SFMI(1) 0.0 ppm/rad/sna X-gyro
(negative

95 SFMI(2) 0.0 ppm/rad/s scale-factor errors Y-gyro
s varying with rate for

96 SFMI(3) 0.0 ppm/rad/S) Z-gyro

97 BIASTC 40.0 S exponentially correlated random
bias time constant (must be
nonzero)

(b) Common Initialization File (PFILE)

FORTRAN unit number: 7

FORTRAN format: I5, F20.10
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Index Variable Default Value Units Description

1 WE 0.7 292115147E-4 rad/s earth rotation rate

2 RE 20925640.0 ft earth radius

3 G 32.2 ft/s 2  nominal gravity

4 PRNTDT 6.0 s printing frequency

5 PBUF(l) 0.0 not used

(4) Call-Line Data

INPUT

(T, IENDF, WBB, WDOT, ABB,

DTHETA)

OUTPUT

(a) Call-Line Input

Variable Units Data Type Description

T s REAL current simulation time

IENDF logical INTEGER last-pass indicator

WBB rad/s REAL angular rate vector of
body wrt inertial space
in body frame with
vibration included

WDT rad/s 2  REAL angular acceleration
vector of body wrt
inertial space in body
frame with vibration
included (WBBDOT)

ABB ft/s 2  REAL specific force in
body frame with
vibration included
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(b) Call-Line Output

Variable Units Data Type Description

DTIIETA rad RAL quantized integral of angular
rate about X, Y, Z gyro input
axes over the computation
cycle, plus errors

(5) Formulation

(a) Initialization Function

The switch INITSW is initialized to zero in DATA statement. The

following functions are performed on the first pass, if INITSW = 0 and

TENDF = 0 and the module operating cycle time has elapsed.

* Read and print initialization file (IFILE)

* Read common initialization file (PFILE)

" Set OFILE = XFILE
and NORDER = ORDER.

" Convert initialization data to computational units

SPO = SFPO* I. E-6
SFI, = SFP]. *]. I.-(
SM I = SPMI * .1 .:

SMO " SF'MO* I. .;-,

AQUANT = QUANT*IT/6. 4STE5*II/DT/K

EX EXP(-DT/BIASTC)

CO CO*2.37E-6

DELI DELI*2.37E-6

K K*2.37E-6

I 1*2.37E-6

DT I DT/1.

tl 11*2.371E-6

T--NS 1 TRANSl*4.86E-6
__ _- . 1/2,4

IIIASA = (BIASV*(1 - E'X) *485E-6

IIA JA- TA * 4 .- E-(
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In addition to converting to computational units, the following

variables are tested and the switches KlI and K12 (which were initialized

to zero in the DATA atatement) are reset.

If BIASV # 0, set KI 1

If KI # 0, set K12 = 1

If KO Y 0, set K12 - 1

If KS # 0, set K12 - 1

If KII 3 0, set K12 1

If KSS # 0, set K12 1

IF KI0 I 0, set K12 1

KI = KT*4.85E-6/G 1

KO = KO*485E-6/G 1

KS = KS*4.85E-6/G = 1
2

KII = KII*4.85E-6/G = 1
2

KSS = KSS*485E-6/G = 1
2

KIO = KIO*4.85E-6/G = 1

Initialization is now complete, INITSW is set to 1, and the simula-

tion time is incremented

TGYR = T + DT

Now, the routine returns to the main program.

(b) General Functions

The tollowing functions are performed every module operating cycle.

The quantized integrated change in the input angle of the X, Y,

Z-gyros, THETA, is computed in turn.

First for the X-gyro, when Ii = 1, the coordinates of specific

force, angular rate, and angular acceleration are transformed from

(XYZ) body coordinates to (10S) gyro coordinates
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ABG QGFRX * ABB

WBG = QGBX * WBB

WBDOT = QGBX * WqDOT

Similarly for the Y-gyro, when Il = 2,

ABG = QGBY * BB

WBG =QGBY *WBB

WiBDOT =OGBZ *WDOT

and for the Z-gyro, when Il = 3

ABC OGBZ *ABB

SWBiG =OGBZ *WBB
N - . I *

WBDOT =QGBZ *WDOT

Now, for tyros X, Y, and Z, when Il 1, 2, and 3 respectively,

the following terms are calculated.

If on the first pass after initialization (1(10 = 0), set

WBDOT(2) 0.0

and the output axis value

THETA(Il) =WBG(l) * H/K

where WBG(l) is the angular rate along the input axis.

The bias levels are now calculated. Fisrt, if the bias variance

is zero, BIASV(Il) = 0.0 (K11 = 0). Then, the random number generation

is bypassed, and the random bias is set to the bias level

BIA = BIAS(Il)
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otherwise, a Gaussian random number with zero mean and a standard

deviation equal to BI = BIAS(Il) is generated and the exponential

correlated random bias, BIA, is calculated. The value of GBIAS

for the particular gyro from the previous pass (on the first pass

after the initialization, GBIAS = (0.0, 0.0, 0.0) is multiplied

by the exponential function, EX, and added to the random number

GBIAS(Il) = GBIAS(II)*EX + GAUSS(AM,BI)

where

EX = EXP(-DT/BIASTC)

Finally, the exponentially correlated random bias is

BIA = BIAS(Il) + GBIAS(II)

The single-degree-of-freedom gyro module dynamic equations are

solved for the float offset angles, THETA, for any one of three approxi-

mate forms:

* The performance model when NORDER = 0.

e The first-order model when NORDER = 1.

* The second-order model when NORDER = 2.

See Vol II, Sec 5.1.1 for complete description..

A quantity DEN is defined

DEN = K + DELI*(WBG(3)2 - WBG(l) 2 ) + H*WBG(3)

where the subscripts 3 and 1 denote the spin and input axes, DEN 
con-

sists of three torque terms. These terms are the rebalance loop

elastic restraint torque, the anisoinertia coupling, and the cross-

coupling torque per unit float offset.
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Further we define 111 consisting of the torque terms: input,

random bias, exponentially decaying turn-on bias, torque due to

Coriolis effects, and output axis angular-acceleration torque

M1 = H*(WBG(l) - BIA + TRANSl(Il)*EXP9-T/TRANTC(Il)))

+ DELI*WBG(3)*WBG(l) - I*WBDOT(2)

Additional torque terms in the numerator, denoted by M2 are

computed for acceleration and acceleration-squared sensitive effects,

if any of the coefficients are nonzero or when K(12 = 1

M2 = -H*(KI(Il)*ABG(l) + KS(Il)*ABG(3) + KO(Il)*ABG(2)

+ KSS(Il)*ABG(3) 2+ KII(Il)*ABG(l) 2

+ KIS(Il)*ABG(l)*ABG(3) + KIO(Il)*ABG(l)*ABG(2)

+I KOS(Il)*ABG(2)*ABG(3))

otherwise, M2 = 0.0.

If NORDER = 0, the performance model equation is solved for the

float offset angle, THN

THN = (Ml + M2)/DEN

If NORDER = 1, from the first-order model equation, THN is

THN = THETA(Il) + DT*(-DEN*THETA(Il) + Ml + M2)/CO

If NORDER = 2, from the second-orde~r model equation, THN is

TH-N =THETA(Il) + DT*THDOT(Il)

where 'rHDOT(Il) is the previous pass value which is initially zero.
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The term THDOT is calculated for use in the next pass from the expres-

sion

THDOT(Il) THDOT(Il) + (Ml + M2 - CO*THDOT(Il)

- DEN*THETA(Il) ) *DTT

Finally, the quantized integral of angular rate about the gyro

input axes, DTHETA, are calculated for the X, Y, or Z gyro depending

upon the value of the index, Ii.

First, the float offset angle is added to the residual output

angle from previous quantization

TTHET(Il) = THN + TTHET(Il)

Scale factor errors are accounted for in the case of positive

offset angle by defining

Ti = 1 + SPO(Il) + SPl(Il)*THN*K/H

or in the case of negative offset angle by defining

Ti = 1 + SMO(Il) + SMl(Il)*THN*K/H

Using this definition to account for the scale-factor error, the integer

variable,

ITHET = TTHET(Il)/(AOUANT*Tl)

is computed. It expresses how many quantum steps of angle, AQUANT,

are contained ITHET and represents the increment in pulse count from

a digital rebalance gyro.
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When forming the integer pulse count, ITHET, any fractional part

of a quantum step is dropped. This fractional part represents a residual

float offset which should be retained for the next computation cycle.

The residual offset angle is retrieved as

TTHET(Il) = TTHET(Il) - TT*T1*AQUANT

where

TT = FLOAT(ITHET) (Keeps the FORTRAN arithmetic in real variables).

The offset angle THN is renamed

THETA(Il) THN

for use in the next THN computation.

Now, the desired output from the gyro module, DTHETA, is 
obtained

for the X, Y, and Z gyros.

DTHETA(Il) = DTHETA(Il) + TT*AQUANT*DT*K/H

The DTHET--A is printed and the THETA angle initialization switch

is set to 1, KIO = 1. The simulation time is incremented

TGYR = T + DT

and the subroutine returns to the main program.

(6) Output

(a) Print

FORTRAN unit number: OFILE = 6

On the initialization pass the title "GYROSCOPE INITIALIZATION"

and the initialization data are printed.
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Printed output is produced at PRNTDT or MODPDT intervals when

PRNTSW> 1. See Section 2.2 for print control logic. The printed

output is, as follows

Variables Units Description

DTHETA, rad quantized integral of angular rate
about the X, Y, Z gyro input axes
over the computation cycle, plus
errors

(7) Subroutines Called (See Section 2.3.15)

MXV = matrix by vector product.

GAUSS(AM,BI) = Gaussian random number generator with mean,

AM, and standard deviation, BI.
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2.3.5 LASER GYRO MODULE (GYROS)

(1) General Description

The laser gyro module simulates three body mounted laser gyros.

The laser gyro module contains the following error sources:

" gyro input axis misalignment

• scale factor error

" scale factor turn-on transient

" gyro bias

" turn-on transient drift

" angular random walk

" white angular noise

* angular quantization

Although the user may select alternate gyro parameters by modifying the

gyro module initialization file (IFILE), the nominal (default) values

are representative of the Honeywell GG1300 laser gyro.

(2) Gyro Module Flow Diagram

Figure 1 is a flow diagram of the laser gyro module. The module

is initialized on the first pass through the routine. The laser gyro

module initialization data file (IFILE) is read at initialization and the

input data is converted into internal program units. The program then

performs the normal module operations. An analytical description of the

laser gyro module equations is given in Volume II, Section 5.2.2.

(3) Input

(a) Module Initialization File (IFILE)

FORTRAN unit number: 40

FORTRAN format: I5, F20.10
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Default
Index Variable Value Units Description

1 DT 0.01 s module operating time step

2 PRNTSW 1.0 logical point switch (0 - no print)
otherwise print)

3 OUTSW 0.0 --- not used

4 XFILE 6.0 logical FORTRAN unit number for printout

5 SPARE1 0.0 --- not used

6 SPARE2 0.0 not used
7 MODPDT 6.0 s module print interval

8 DB(l) 0.7 deg/hr

9 DB(2) 0.4 deg/hr gyro bias

10 DB(3) -0.6 deg/hr S
11 DTA(l) 0.06 deg/hr

12 DTA(2) -0.03 deg/hr transient drift amplitude

13 DTA(3) -0.05 deg/hr

14 DTC(l) 45.0 min

15 DTC(2) 45.0 min transient drift time constant

16 DTC(3) 45.0 min

17 SFTA(l) 0.8 ppm t

18 SFTA(2) -0.7 ppm transient scale factor amplitude

19 SFTA(3) 1.0 ppm

20 SFTC(l) 45.0 min

21 SFTC(2) 45.0 min transient scale factor time constan

22 SFTC(3) 45.0 min

23 KW(1) 1.0 ppm

24 KW(2) 20.0 ppm gyro SF and gyro Innut Axis (IA)

25 KW(3) 50.0 ppm misalignment matrix

26 KW(4) 40.0 PPM * main diagonal = SF bias (ppm)
* off diagonal = input axis

27 KW(5) 1.5 ppm misalignment (microrad; ppm)

28 KW(6) 30.0 ppm

29 KW(7) -30.0 ppm

30 KW(8) -40.0 ppm

31 KW(9) -1. ppm

32 STDWN 0.0 sec angular white noise std

33 STDRW 0.002 deg/Ar random walk magnitude

34 Q 1.6 arcsec angular quantization
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(b) Common Initialization File (PFILE)

FORTRAN unit number: 7

FORTRAN format: I5, F20.10

Index Variable Default Value Units Description

1 WE 0.7292115147E-4 rad/s earth rotation rate

2 RE 20925640.0 ft earth radius

3 G 32.2 ft/s 2  nominal gravity

4 PRNTDT 6.0 s printing frequency

5 PBUF(1) 0.0 --- not used

(4) Call-Line Data

INPUT

T, IENDF, WBB, WDOT, ABB,

DTHETA)

OUTPUT

(a) Call-Line Input

Variable Units Data Type Description

T s REAL current simulation time

IENDF logical INTEGER last-pass indicator

WBB rad/s REAL angulac rate vector of body wrt
inertial space in body frame with
vibration included

WDOT --- REAL not used

ABB --- REAL not used

(b) Call-Line Output

Variable Units Data Type Description

DTHETA rad REAL quantized integral of angular rate
about X, Y, Z gyro input axes over
the computation cycle, plus errors
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Formulation

(a) Initialization Function

The switch INITSW is initialized to zero in DATA statement. The

following functions are performed on the first pass, if INITSW = 0 and

IENDF = 0 and the module operating cycle time has elapsed.

" Read and print initialization file (IFILE).

* Read common initialization fiel (PFILE)o

" Set OFILE = XFILE.

" Convert the initialization data to internal program units. In-

ternal units are: radians, feet, and seconds.

DB =DB * DTR/3600

DTA = DTA * DTR/3600

DTC = DTC * 60

SFTA = SFTA * l.E-6

SFTC = SFTC * 60
* *

KW = KW * .E-6

Q = Q * DTR/3600

where DTR equals degrees-to-radians conversion factor.

* Compute the random walk amplitude coefficient KRW.

KRW = ( STDRW * DTR ) * SQRT ( DT/3600

* Compute the exponential drift and exponential scale factor coef-

ficients.

EXPD = EXP(-DT/DIC

EX-PSF = EXP(-DT/SFTC

The vector DYC Lontains the time constants of the exponential drifts and SFTC

contains the time constants of the exponential scale factors. The elements of

EMD and ESF are set to zero if the corresponding time constants are non-

positive. The difference equation for each of the terms is of the form
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DT(n+l) = DT(n) *EXPD

S (n+l) = S (n) * EXPSF
T T

Thus, the individual transients are set to zero if the associated time

constant is not positive. This logic allows the user to delete any of

the transient terms by setting the amplitude and time constant to zero.

Initialization is now complete, INITSW is set to 1, and the simula-

tion time is incremented.

TGYR *T + DT

Ncw, the routine returns to the main program

(b) General Functions

The following functions are performed every module operating cycle.

* Compute the transient drift and scale factor.

rim *EXP-D

SFTA = SFTA * EXPSF

The transient terms are set to zero if the magnitude becomes less.

than 1.E-10 to prevent underflow.

e Add the scale factor transient to the scale factor bias.

Insert the sum on the main diagonal of the rate sensitive

matrix KW.

KW(K) = SF(I) + SFTA(I), where K = diagonal elements.

The off diagonal elements of KW contain the IA misalignment.

e Compute the white noise and angular random walk.
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White Angle Noise

ANGWN(I) STDWN * GAUSS(0.0, 1.0)

where

STDWN specified white noise standard deviation

GAUSS(0.0, 1.0) zero mean, unit variance Gaussian random number

Angular Random walk

A ANGRW(I) = KRW * GAUSS (0.0, 1.0)

where

KRW random walk amplitude coefficient computed

in the initialization section

GAUSS(0.0, 1.0) = zero mean, unit variance Gaussian

randomm number

Compute the gyro output angular velocity.

W (I + KW )WBB + DB + DTA

t .where

WBB - angular velocity of the body in body coordinates

DB = gyro bias

DTA = gyro drift transient
~*

KW~ = angular rate sensitive matrix
I identity matrix

* Compute the continuous output -utation angle over the simulation

time step including the white and random walk angular noise.

ANG ANG + W *DT + ANGWN + ANGRW

The previous value of the angle ANG is the quantization residual,

o Compute the quantized indicated rotation over the simulation time

step, QANG, and tho new angle residual, M'G.
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NP = Integer ( ANG/Q

QANG = NP * Q

ANG = ANG - QANG - ANGWH

The quantized rotation QANG is set equal to the continuous rotation

angle if the quantization amplitude is zero.

" Sum the quantized rotations to form the incremental gyro output

angle DTHETA. The output angle is accumulated until the platform

attitude matrix is update - then the navigation routines reset

DTHETA to zero.

DTHETA = DTHETA QANG

* The DTHETA is printed

" The simulation time is incremented

TGYR = T + DT

and the subroutine returns to the main program.

(6) Output

(a) Print

FORTRAN unit number: OFILE 6

On the initialization pass the title "LASER GYRO INITIALIZATION"

and the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when

PRNTSW > 1. See Section 2.2 for print control logic. The printed

output is, as follows
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(7) Subroutines Called (See Section 2.3.15)

MXV = matrix by vector product.

GAUSS(O.0, 1.0) = zero mean, unit variance Gaussian random

number generator
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2.3.6 ACCELEROMETER MODULE (ACCEL)

(1) General Description

The ACCEL module simulates, the dynamics of a pendulous SDF

floated accelerometer. The kinematics of the instrument can be

selectively modeled using either a second-order or a first-order

differential equation, or a "performance" model. The following

accelerometer characteristics are modeled:

0 Acceleration sensitivities (both g and g-squared).

* Anisoinertia.

* Output-axis coupling.

" Scale-factor errors (both positive and negative).

0 Scale-factor-error acceleration sensitivity (both positive

and negative).

* Lever-arm effects (including accompanying bias).

" Quantization level.

* Exponentially correlated random bias.

Although the parameters characterizing these effects are entirely

selectable, the nominal (default) parameters specified in the initiali-

zation data file correspond to the Systron Donner 4841 accelerometer

with its analog rebalance loop.

(2) Accelerometer Module Flow Diagam

The general flow logic of the ACCEL module is illustrated in

Figure 1.

(3) Input

(a) Module Initialization File (IFILE)

FORTRAN unit number: 50

FORTRAN format: I5, 1X, F20.10
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S oF YESo,
< I NO YES50

C ALCULATE LEVER ARM

EFFECT FOR EACHCCELEROMETER LOCATION WRITE

NOINITIALIZATION

TIME NODATA FILEJ

TRANSFORM SPECIFIC RFORCE, ANGULAR RATE,
AND THE CHANGE IN
ANGULAR RATE FROM CONVERT
BODY TO ACCELEROM- VARIABLES TO

ETER COORDINATES PROPER UNITS
(QBAX, QBAY, QBAZ) ,

.....___.. .._ RETURN .

IF THI'S IS THE FIRST'
PASS, INITIALIZE FLOAT
HANGOFF ANGLE AND SET

WDOT(Z) =0

IF B4IAS'VARIANCE(BIAS) IS NON-ZERO,
CALCULATE EXPONEN-
TIALLY CORRELATED
RANDOM BIAS

Figure 1. Accelerometer module. (Sheet 1 of 2)
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A

NORDER = 2 NORDER = 1
SECOND ORDER FIRST ORDER
DIFFWAT MODEL DIFF. EQ.

750 IS SPEC FIE

+NORDER| PERFORMANCE
=0 MODEL

CALCULATE FLOAT CALCULATE FLOAT CACLULATE FLOA
OFFSET ANGLE OFFSET ANGLE

800

MULTIPLY BY SCALE
FACTOR ERRORS

QUANTIZE HANGOFF

ANGLE

INTEGRATED CHANGE
IN VELOCITY

IF PRINT CONTROLS
ARE SET, PRINT
INTEGRATE CHANGE
IN VELOCITY

Figure 1. Accelerometer module. (Sheet 2 of 2)
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dex Variable Default Value Units Description

1 DT 0.01 8 module operating cycle time

2 PRNTSW 1.0 logical print switch (0 - no print,

otherwise print)

3 OUTSW 0.0 --- not used

4 XFILE 6.0 logical FORTRAN unit number for printout

5 SPARE1 0.0 --- not used

6 SPARE2 0.0 --- not used

7 CO 25000. dyn-cm/ output-axis damping coefficients
rad/s

8-12 --- not used

13 QBAX(l) 1.0 unity

14 QBAX(2) 0.0 unity

15 QBAX(3) 0.0 unity

16 QBAX(4) 0.0 unity transformation matrix from body
17 0.0unit coordinates to X-accelerometer

17 QAX5 0.0 uiy (input, output, pendulous)

18 QBAX(6) 1.0 unity coordinates

19 QBAX(7) 0.0 unity

20 QBAX(8) -1.0 unity

21 QBAX(9) 0.0 unity

22 QBAY(l) 0.0 unity

23 QBAY(2) 1.0 unity
transformation matrix from body

24 QBAY(3) 0.0 unity coordinates to Y-accelerometer
(input, output, penduloue)

25 QBAY(4) 1.0 unity coordinates

26 QBAY(5) 0.0 unity
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In-
dex Variable Default Value Units Description

27 QBAY(6) 00 unity

28 QBAY(7) 0.0 unity

29 QBAY(8) 0.0 unity

30 QBAY(9) -1.0 unity

31 QBAZ(l) 0.0 unity

32 QBAZ(2) 0.0 unity

33 QBAZ(3) 1.0 unity

34 QBAZ(4) 1.0 unity transformation matrix from body
coordinates to Z-accelerometer

35 QBAZ(5) 0.0 unity (input, output, pendulous)
coordinates

36 QBAZ(6) 0.0 unity

37 QBAZ(7) 0.0 unity

38 QBAZ(8) 1.0 unity

39 QBAZ(9) 0.0 unity

40 MRC 0.7 gm-cm pendulosity parameter

41 --- --- --- not used

42 QUANT 1.0 ft/s/ quantization level of incre-
pulse ment change in velocity

43 BIAS(l) 900.0 g X

44 BIAS(2) 900.0 g Y' bias

45 BIAS(3) 900.0 g Z

46 K 100000000. gT-cm / elastic restraint of rebalance
s loop

47 I 5.0 gm-cm2  output-axis moment of inertia

48 DELI 0.0 gm-cm2  difference of moment of inertia
between pendulous and input axes
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In-dex Variable Default Value Units Description

49-50

51 KO(l) 0.0 1g/g coefficient of X

52 KO(2) 0.0 lpg/g output-axis a e
acceleration accelerometer

53 KO(3) 0.0 )g/g sensitivity
54 KP(l) 0.0 1g/g ) coefficient of X

55 KP(2) 0.0 g/g output-axis accelerometer

56 KP(3) 0.0 1g/g sensitivity

57 KII(l) 0.8 g/g coefficients of x
input-axis

58 KII(2) 0.8 )jg/g acceleration Y accelerometer
2 squared

59 KII(3) 0.8 1g/g sensitivity Z

60 KPP(l) 0.0 ug/g 2 coefficients of X

2 ( pendulous-axis61 KPP(2) 0.0 pg/g acceleration- Y accelerometer

2 squared62 K.PP(3) 0.0 lg/g sensitivity Z

63 KI(1() 0.0 Pg/g coefficient of X
input by output-

64 KIO(2) 0.0 1.g/g2 axis Y accelerometer

21 acceleration65 KIO(3) 0.0 Pg/g sensitivity Z

66 KIP(l) 0.0 ug/g 2) coefficient of (X

67 KIP(2) 0.0 1jg/g pendulous-axis Y accelerometer

02 acceleration
68 KIP(3) 0.0 ig/g2 sensitivity

69 KOP(1) 0.0 og/g coefficient of X

2' output-by
70 KOP(2) 0.0 vg/g pendulous-axis accelerometer

2 I acceleration
71 KOP(3) 0.0 ug/g sensitivity
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In- Variable Default Value Units Description
dex

72 BIASV(l) 0.0 g exponentially X

2 correlated
73 BIASV(2) 0.0 g random bias Y accelerometer

2 variances
74 BIASV(3) 0.0 g for Z

75 SFPO(l) 10.0 ppm X )
positive ) a76 SFPO(2) 10.0 ppm scale-factor Y accelerometer

77 SFPO(3) 10.0 ppm errors for Z

78 SFMO(i) 10.0 ppm n X
negative I

79 SFMO(2) 10.0 ppm scale-factor Y accelerometer
errors for

80 SFMO(3) 10.0 ppm Z

81 MODPDT 6.0 s module print interval

82 ORDER 0.0 logical order of differential equation model

0 = performance model

1 = first-order diff. equation

2 = second-order diff. equation

83 SFPI(1) 0.0 ppm/ X
rad/s

positive rate
84 SFPI(2) 0.0 ppm/ sensitivity of Y accelerometer

rad/s scale-factor
errors

85 SFPl(3) 0.0 ppm/ Z
rad/s

86 SFMl(l) 0.0 ppm/ X
rad/s negative rate

sensitivity of Y accelerometer87 SFMI1(2) 0.0 ppm/ scale-factor
rad/s errors

88 SFMl(3) 0.0 ppm/ Z
rad/s
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In-dex Variables Default Value Units Description

9 RX(l) 1.0 ft position vector in body

90 RX(2) 0.0 ft coordinates (vehicle cg
to X-accelerometer

91 RX(3) 0.0 ft origin)

92 RY(l) 0.9 ft position vector in body

93 RY(2) 0.2 ft ~ coordinates (vehicle cg93 RY2) 02 ftto Y-accelerometer

94 RY(3) 0.0 ft origin)

95 RZ(l) 0.9 ft )position vector in body
9 coordinates (vehicle cg

to Z-accelerometer

97 RZ(3) 0.2 ft origin)

(b) Common Initialization File (PFILE)

FORTRAN unit ntuyber: 7

FORTRAN format: 15, lX, F20.10

Index Variable Default Value Units Description

1 WE 0.7292115147E-4 rad/s earth rotation rate

2 RE 20925640.0 ft earth radius

3 G 32.2 ft/s 2  nominal gravity

4 PRNTDT 6.0 s printing cycle time

5 PBUF(l) 0.0 --- not used

(4) Call-Line Data

Input

(T, IENDF, AB, WBB, WDr,

DV

Output
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(a) Call-Line Input

Variable Units Data Type Description

T s REAL current simulation time

IENDF logical INTEGER last-pass indicator

ft/s 2  REAL specific-force vector in body
frame with vibration

WBB rad/s REAL angular rate vector of body wrt
inertial space in body frame

with vibration included
WDOT rad/s REAL

angular acceleration vector of body

wrt inertial space body frame with
vibration included

(b) Call-Line Output

Variable Units Data Type Description

DV ft/s REAL quantized integral of the vehicle
specific-force vector along the
X, Y, Z accelerometer input axes

(5) Formulation

(a) Initialization Function

The initialization switch, INITSW, is initialized to zero in a DATA

statement. The following functions are performed on the first pass, if

INITSW = 0, IENDF = 0, and if the module operating cycle time has elapsed.

* Read and print initialization file (IFILE).

• Read common initialization file (PFILE).

* Set OFILE = XFILE and NORDER = ORDER

* Convert initialization data to computational units.

SPO = SFGPO * 1.E - 6

SP = SGP1 * I.E - 6 /G
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SMO = SFGMO * 1.E- 6

SMI = SFGM1 * 1.E - 6 /G

AQUANT = QUANT * MRC/K/30.48/DT

EX = EXP(-DT/40)

BIASA = (BIASV * (1 - EX 2 )) 1 / 2 * I.E - 6 * G

BIAS = BIAS * I.E - 6 * G

In addition to conversion to computational units, the following

variables are tested for a zero value and the computation bypass switches

KlI and K12, which are initialized to zero in the DATA statement, are

reset

if BIASV 3 0, set Kll = 1

Set

1(O = KO*l.E - 6 and if Z0 9 0, set K12 = 1,

KP = KP*1.E - 6 and if KP1 4 0, set K12 = 1,

KI = KI*I.E - 6/G and if KII $ 0, set K12 = 1,

IO = KIO-'l.E - 6/G and if IO 0, set K12 = 1,

KIP = KIP*1.E - G/G and if KiP y 0, set K12 = 1,

KO-P = KOP*I.E - 6/G and if KO-P Y 0, set K12 = 1,

KPP = KPP*l.E - 6/G and if KPP d 0, set K12 = 1,

where I.E - 6 is the factor for converting pgs and G is the nominal

gravity.
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Continuing,

MRC = MRC*7.23E - 5

CO = CO*2.37E - 6

DELI = DELI*2.37E - 6

K = K*2.37E - 6

I = I*2.37E - 6

DTI = DT/I

2
The factor 2.37E - 6 is the conversion factor from gm-cm to

lb-ft2 and the factor 7.23E - 5 is for conversion of gm-cm to lb-ft.

Now set INITSW = 1, increment the simulation time

TAC(7 = T + DT

and return the subroutine to the main program.

(b) Gei.eral Function

The following functions are performed every module operating

cycle. The index KlOis incremented, KI0 = K10 + 1 from an initial

value of zero.

The quantized integral of specific force vector

DV, for the X, Y, Z accelerometer is calculated in turn.

First for the X-accelerometer (when II = 1) acceleration from the

lei-er-arm effect is calculated from. the components of angular vate and

the accelerometer position vector. This acceleration plus the input

acceleration become the total acceleration sensed by the X accelerometer.

ABC ABB +(WBB x (WBB x RX))+ WDOT x RX

input lever arm
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where in the mnemonics~ of the program, initially

CROSSI WBB x RX

and

CROS2 WB CIOSSi

and now redefining

CRUSSI WDOT xRX

The coordioater of the specific force, angular rate, akld Angular

acceleration are transformed from (Z)body coordinates to (1OP) accelerom-

eter coordinates

ASA QBAX - MiC

Simlarlyfor the Y-acclerouieter the sensed acceleration is

c~alculatedto(P)coiae

ABC 91A MO QI3AY x 0) WYCK

ZA *Q1BAY AR~

WDOTA **Wir
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Finally, for the Z accelerometer

4 Z~AC -AB + (wfB X (WBB XRE))+WDOT XRZ

input lever arm
and

ABA -QBAZ *ABC

WBA QBAZ *WB

WDOTA QBAZ *WDOT

-Now for avcelerometezs X, Y, and Z, when Il -1, 2, aand 3,

respectively, the following terms are calculated.

If, K10 1, which occurs on the first-pn itratriiil-

zaticnk then set

THETAMI) ~'(MRC/K) *ABAMl

and WDOTA(2) 0.0

The output axis value bias levels a."e now calculatod. if the bias

.variance is zero, Ku 1 0# and the wandoi bias is set to the bias level,

BIA -BIAS(1l)

Otherwiso a Gaussian random number with zero mean and standard deviation,

BI, where 01 -BIASA(II) is yenerated and the exponentially correlated randm

bias, DIA, is calculated, as follows. The value of ABIAS for the oartioular

accelerometer, 11, from the previous pass (on the first pass after the

initialization pass, ABIAS -(0.0, 0.0, 0.0)) io multiolied by the exponential

function, EX, and adde'i to the random number from the GAUSS function,

ADIASCM) uADIAS(Il) U E + GAUSS(AMBZ)

where

EX EXP (-DT/40).-2



Finally, the exponentially correlated random bias for the II

accelerometer is

BIA = BIAS(I1) + ABIAS(I))

The dynamic equations of the pendulous single-degree-of-freedom

floated accelerometer are solved for the output-axis float offset angle,

- -I THN, for any one of three approximate forms:

Performance model, when NORDER = 0.

First-order model, when NORDER = 1.

Second-order model, when NORDER 2.

See Volume II, Section 6 for a theoretical development of the dynamic

equations.

A quantity DEN is defined

DEN -K + DELI*(WBA(3) 2  W8A(l) 2- MRC*ABH(3)

'1 where the subscripts are

!1 - input axis

2 = output axis

3 -pendulous axis

The quantity DEN times the float offset angle is a torque teri,

An additional torque term, Ml, is defined as

M :Z 4RC*(ABA(l) - BIA) + DELI WBA(3)*WBA(l) - X*WDOfrA(2)

Additional torque terms in the numerator, denoted by M2, are com-

- puted for acceleration and acceleration-squared sensitive effects if any

of the coefficients are nonzero, i.e., when K12 2.
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M2 MRC*(-KP(Il)*ABA(3) - KO(Il)*ABA(2)

- KPP(Il)*ABA(3)*ABA(3) - KII(Il)*ABA(l)*ABA(l)

-,KIP(Ii)*ABA(i)*ABA(3)- KIO(Il)*ABA(i)*ABA(2)

- KOP(I) *ABA(2) *ABA(3))

Otherwise, M2 0.0

If NORDER = 0, the performance model equation is solved for the

float offset angle, THN

THN = (Ml + M2)/DEN

If NORDER 1 1, the first-order model equation is solved for THN.

THN THETA(Il) + DT*(-DEN*THETA(Il) + Ml + M2)/CO

A
Finally, if NORDER 2, the second-order model equation is solved for

THN

THN - THETA(II) + DT*THDOT(Il)

where THDOT(11) is calculated on the previous pass

Now THDOT(Il) is calculated for the next pass from

THDOT(Il) - THDOT(Il) + (-CO*THDOT(II) - DEN*THETA(Il) + Ml + M2)*DTI

The quantized output is now calculated. The float offset angle,

THN, is added to the residual angle, TTHET, from the previous pass

TTHET(1l) TTHET(1l) + THN
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Scale-factor error corrections are computed for positive accelera-

tions if the residual angle, TTHET(Il), is greater than or equal to zero

from

T1 SPO(1l) + 1 + SP1(Il)*THIN*K/MRCV1  or if it is less than zero for negative acceleration from

T1 S?40(Il) + 1 + SMl(Il)*TH4*K/4!C

The sum of the float offset angle and the residual angle are

corrected for the scale-factor errors by multiplying by TI, and this

quantity is divided by the quantization level, AQUANT. The truncation

of this quantity

ITHET -TTHET(1l) /AQUANT/TI

results in the quantized float offset angle, ise. the count of quantization
pulses contained in it.

A new residual angle, i.e. the portion dropped off at truncation,

is calculated from

TT * LOAT(ITET)

and TTIIET(Il) TrliETUl) - r*r'TAQUANT

and the float offset angle is saved for the calculations of the next pass

TUETA(Il) IM~N

Now, the desired output from the ACCEA module, OV, in obtained for the

X, YO and Z accelerometers (11lp1 2, or 3, respectively) by integrating

DV(IJ.) *DV(xl) + .Tb*AiTW/NIKO*DT

J where

TT FWOAT(ITI=E) (m~aintains real variable arithmetic)
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This summation is carried out to equalize the cycle intervals for the

hardware and software. DV is initialized in the RDR module (the

hardware-software interface) each RDR cycle.

The quantized integrated change in velocity is printed, the

simulation time is incremented

--) TACC - T + DT

'1 and the subroutine returns to the main program.

(6) Output

(a) Print

FORTRAN unit number: OFILE - 6

On the initialization pass the title "ACCELEROMETER INITIALIZATION"

and the initialization data are printed.

Printed output is produced at PMRTLV or 14ODPDT intervals when

PRNTSW 1. See Section 2.2 for print control logic. The printed

output is, as follows

Variable Units Description

DV ft/u quantized integral of specific force
the X, Y, and Z accelerometer input axes
over the coxutation cycle plus errors

(7) Subroutines Called (See Sectiod 2.3.15)

Mn- matrix by vector product

I2"i
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2.3.7 ALTIMETER MODULE (ALTI)

(1) General Description

The ALTI module is designed to simulate the output characteristics

of a barometric altimeter, incorporating errors in its air-transducer

assembly and uncertainties caused by nonstandard-atmosphere and Pitot-

static errors. The integration of this simulated instrument into the

INSS gives rise to an indicated altitude which has the following char-
-~ t acteristics:

* Long-term stability of the barometric altimeter.

* A resultant frequency response that is much faster than that

of a pure barometric altimeter, and which attenuates the ef-

fects of barometric noise.

0 The relative insensitivity to low-frequency accelerometer

errors resolved into the vertical channel.

Essentially, the indicated altimeter output is the swi of the

"tru~e" vehicle altitude (passed from the trajectory module) and user-

characterized exponentially correlated random bias and random noise.

Although a perfect altimeter can he simulated by this module through

user-specif ication of an on/of f switch (NOISSW wl) in the attendant

initialization data file, the nominal (default) initialization prameters

correspond to tho instrument proj.acted for use on the space Shuttle.

* (2) Altimeter Module Flow tDlqram

The general flow logic of the ALTI moduliu is shown in Pigure 1.

*(3) Input

(a). Module Xnitialization File (IFILE)

FORTRAN unit numbar: 60

'ORTRAN formiat: 15, F20.10



CAIMULATO

ANITIAIZATIO

REA PRINT
YENO S ILE

NOIl. SWITCH 23~

YESO



In Variable Default Value Units Description
dex

1 DT 0.02 s module operuting frequency

2 PRNTSW 1.0 logical print switch (0 - no print,
otherwise pring)

3 OUTSW 0.0 --- not used

4 XFILE 6.0 logical FORTRAN unit number for
printout

5 MODPDT 6.0 s module print interval

6 NOISSW 0.0 logical noise generator switch

7 TC 40.0 a exponentially correlated
random noise time constant

a U0 0.000000000000040 1/ft2  altitude to bias
un ertainty

Uvar- velocity to bias

/ ance uncertainty

coeffi-
10 U2 1000. ft cients bias uncertainty

rolat- constant

11 U3 0.000000000625 ing altitude to random
bias uncertainty
random-vibration

12 U4 "37.0 ft2  uncertainty (constant
random vibration)

(b) Common Initialization Eile (WL'ILE)

-ijFORAN unit number. 7

FORTRAN formats XS, P20.10

In-
Variablo Doault Value Units Descriptiondox

1 W9 0.7292115147E-4 rad/S earthI rotation rate

2 9E 20925640.0 ft earth radius

2
3 G 32.2 ft/s nominal gravity

4 PRNTDT 6.0 S privting ftequency

5 PSUF(1 0.0 not uaed
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4t
(4) Call-Line Data

IINPUT

(T, IMDF, ALT, V

ALTO

k. OUTPUT

.(a) Call-Line Input

I Variable Units Data Type Description

T s REAL current simulation time

IENDF logical INTEGER last-pass indicator

ALT ft REAL "true" altitude (from tra-
jectory module)

V ft/s REAL "true" velocity vector in body
frame (from trajectory module)

(b) Call-Line Outeur

Variablo nits Data'Tpo DoscrLption

t .indicated baromtric altitude

.. ( 5) rormulation

(a) nitialiatioA unction

The initialization witch, INITSW, is initlalizod to zero in an

. DATA statement. The following functions are performed on the first

.-ss, if INITSW 0 0, IENW - 0 and if the Uodule operating cycle time

I has elapsed.
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Read and print initialization file (FILE). Read common initiali-

zation file (PFILE). Set

OFILE = XFILE

ALTO ALT

EX EXP (-DT/TC)

E2Xl = l-EX2

INITSW = 1

The simulation time is incremented

TALT T + DT

and the subroutine returns to the main program.

(b General Function

The following functions are performed every module operating cycle.

If the noise generator swit,:h is, NOISSW 0, the indicated

altitude, ALTO, is equal to the true altitude, ALT. Otherwise, the

barometric altitude with noise added is calculated.

The model choseo to replicato tho output of a barometric altimeter

is fwidamentally stochastic. As such, five statistical parameters

(variances) specified in the attendant data file are eOmployed to qeri-

orate random ererors. Those errors are then summed with the "true"

altitude (ALT) pased over from the trajectory module to sitmulate an

output measurement. The five input statistics represent the varianwes

which characterize: bias uncertaintles rea to altitude (U and

velocity (V1, constant bias .unceirtainty (02)# random-vibration uncer-

tainty relative to altitude (031  and constant random-vibration uncer-

tainty (04). Those variances are subsequently combined by the algorithm

to ijenerate- both exionentially correlated nom bias and Gaussian noise

over each cycle.
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A first term (the random noise), a normally distributed random

number with a mean, AM = 0.0, and a standard deviation given by

SIGR = (U3*ALT
2 + U4)

I/ 2

is computed using the GAUSS function.

Another term (the random bais), a normally distributed random

number with a mean, AN 0.0, and a standard deviation given by

SIGN [(UO*(ALTA2)2 + Ul*(V12)2 + U2) *E2^" 1/2

whero

ALTA2 * ALT2

V12 - VMl) + V(2)' + v(3)2

is obtained by the use of the GAUSS suboutiio. An exponentially cor-

relatd noisoe term, X, is compute from the random bias term.

X - 1X*X GAtJSSI(A,S$GN)

where X on the r qht-hand side of the equation is the value of X Ot the

previous pass (initially zero).

The indicated baromitric altitude, ALTO, is coput.4 as the sum

of tho true altutude, the random bias and the random noise term

ALTO ALT + X + GAUSS(A4, SGI)

The indicated \titude, ALTO, is printed and the gimulation time

is ineramented

TALT T + D)T

. Now the subroutine returns to the main program.
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.  (6) O

t (a) Print

FORTRAN unit number: OFILE = 6.

On the initialization pass the title "ALTIMETER INITIALIZATION"

and the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when

PRINISW > I See Section 2.2 for print control logic. The printed

output is, as follows

Variable Units Description

ALTO ft indicated barometric altitude

(7) Subroutines Called (See Section 2.3.15)

GAUSS(AM,SD) = Gaussian random number generator function

with mean, AM, and standard deviation, SD.
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2.*3.8 HARDWARE/SOFTWARE INTERFACE MODULE (RDR)

(1) General Description

Functioning as a buffer between the fast and slow cycles of the

INSS executive (sequencer), this module effectively simulates the action

of the hardware/software interface. After reading the accumulated in-

cremental angle and velocity components, the interface module passes the

appropriata values to the compensation algorithms. The face values

previously a~ccumulated are then reset to zero and returned to the gyro-

and accelerometer-module accumulation registers.

(2) Hardware/software Interface Module Flow Diagram

The general flow logic of the RDR module is shown-in Figure 1.

(3) 1nu

(a) Module Initialization File (IFILE)

FORTRAN wnit number: 65

FOR-A fomat. 15, F20.10

Index Variable Default Value Units Description

I. DT 0.02 a module operating frequency

2 PRNTSW 1.0 logical print switch (0 -no print,
otherwise print)

3 OUTSW 0.0 -- not used

4 X14'LE 6.0 logical FORTRAN unit number for
printout

5 SP3ARK 0.0 --- not used

6 14ODPDT 6.0 a module print interval
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(b) ComniiilztinFl PIE

1 b CoE o 0.nitiali1ation Files earhFILtinat

2 RE 20925640.0 ft earth radius

3 G 32.2 ft/s2  nominal gravity

4 PRNTDT 6.0 s printing frequency

5 PBUF(l) 0.0 -- not usad

(4) Call-Line Data

Input ___

(T. IENDF, DTTA V

In/Out

DTHETO, DVO)

Output

Variable Units. Data Typo Description

T RlEAL current sim4ulation tim~e

IENDF logical INTRGE1R last-pass indicator

DTHiETA rad M~AL quantized integral of angular
rate about X, Y, Z gyro input
axes over the computation cycle
plus errors

ft/s DEAL quantized integral of~ the vehicle
specific force ve-tor along the
X, Y, Z acc-leroaieter input axes
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(b) Call-Line Output

Variable Units Data Type Description

DTHETO rad REAL quantized integral of angular rate
about X, Y, Z gyro input axes gen-
erated each fast cycle, and accumu-
lated over the slow cycle

DVO ft/s REAL quantized integral of the vehicle
specific force vector along the X,

~1 Y, Z accelerometer input axes gen-
erated each fast cycle, and accumu-
lated over the slow cycle

(5) Formulation

(a) initialization Function

The switch, INITSW, is initialized to zero in a DATA statement.

The following functions are performed on the first pass, if INITSW 0,

IENDF' 0, and if the module operating cycle time has elapsed.

*Read and print initialization file (IFILE).

T* Read commn initialization file (PPILE).

*Set OFILE uXFILE and INITSW 1.

The simulation time is incremental

TRDR T + DT

Iand the subroutine returns to the main program.

(b) G;eneral FunctionI. The following functions are performed every module operating
* r cycle.
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The input variables DV and DTHETA are stored as the corresponding

fi ioutput variables, DVO and DTHETO, then the input variables are reset

to zero (and reLurned to the accelerometer and gyro modules).

, DVO DV

DV = 0.0

DTHETO = DTHETA

DTHETA 0.0

The quantized integrals of angular rate, DTHETO, and specific

force, 5VO are printed and the simulation time is incremented

TRDR T + DT

Now the subroutine returns to the main program.

(6) output

(a) Print

FORTRAN unit number: OFILE m 6

On the initialization pass the title, "READER INITIALIZATION"

and the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when

PRNTSW > 1. See Section 2.2 for print control logic. The printout

is as follows

Variable Units Description

DVO ft/s quantized integral of specific force along
the X, Y, Z accolerometer input axes accumu-
lated over slow cycle

DTHETO rad quantized integral of angular rate about the
X, Y, Z gyro input axes accumulated over
slow cycle

(7) Subroutines Called (See Section 2.3.15)

No subroutines are called.
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A 2.3.*9 ACCELEROMETER COMPENSATION MODULE (ACOMP)

(1) General Description

This software module computes the compensation for accelerometer

bias* stale-factor errors, scale-factor errors with acceleration, the

acceleration-squared terms along the input axis, accelerometer misalign-
ments, anisoinertia, output-axis coupling, and lever-arm effects.

S(2) Accelerometer Compensation Module Flow Diagram

Figure 1 depicts the general flow logic of the ACOMP module.

(3) npt

(a) module initialization File (IFILE)

FORTRAN unit numbert 67

FORTRAN formatt 15, F20.10

Index Variable Default Value Units Description

I DT 0.02 a module operating frequency

2 PRNTSW 1.0 logical print switch (0 - no print,

otherwise print)If'I3 OUTSW 0.0 -- not used
4 WPILE 6.*0 logical FORTRAN unit numbr for

printout

5 SPAREI 0.0 - not used

6 SPARE2 0.0 -- not used
2

7 0ZLI 0.0 gm-cm difference of momenta of
inertia about pendulous on4
input axed
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Iindex Vaial Default Value UnitDecito

.8 QABXML 1.0 unity

9 QABX(2) 0.0 unity

10 QABX(3) 0.0 unity

11 QABX(4) 0.0 unity
transformation matrix from

12 QABX(5) 0.0 unity body coordinates to X-
accelerometer (input, output#

13 QABX(6) 1.0 unity pendulous) coordinates

14 QABX(7) 0.0 unity

15 QABX(S) -1.0 unity

16 QABX(9) 0.0 unity

17 SPPO(1 1010 PPM X-accelerometers

* ppm ~Y-accelerosneter jpstv
19 SPPO(3) i0.0 pmZ-accelerocieter ero

'20 DimS(1) $90.0 19x-accelerometer

I21 DIM (2) 890.0 lUg 'i-accelerometer bias

122 'SIAS(3) 890.0 0ig Z-.accelerometerJ

23 QABY(l) .0.0 unity

j24 QABY(2) 1.0 unity

425 QAMY(3) 0.0 unity426 QAB(4) 1.0 unity
transformation matrix from

27 QAI3Y(S) 0.0 unity body coordinates to Y-
aceelerometer (inputs. output,

28 QASY(() 0.0 unity pendulous) coordinAtes

29 QABY(7) 0.0 unity

30 QABY(9) 0.0. unity

31 QAY(9) -10unit
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Index Variable Default Value Unit Description

ot 32 QABz(l) 0.0 unity

33 QABZ(2) 0.0 unity

34,BZ3 10unt
35 QABZ (4) 1.0 unity

trans formation matrix from
36 QABZ(5) 0.0 unity body coordinates to Z-

accelerometer (input, output,
S137 QABZ(6) 0.0 unity pendulous) coordinates

38 QABZ(7) 0.0 unity

39 QABZ(8) 1.0 unity

40 QABZ(9) 0.0 unity

41 MODPDT 6.0 s module print interval

2
42 KII(1 0.4 Ug/g X-accelerometer compensation

43 K I(2)0.42 input axis ac-
43 KI(2 04 g/g Y-accelerometer celeration-

44 KII(3) 0.4 Pgg Z-accelerometor Ificients

45 Z4RC 0,7 gm-Cm pendulosity parameter

46 Q141S(l) 1.0 unity

47 QMIS(2) 0.0 unity

48 QZ4XS(3) 0.0 unity

49 141(4 0. unty compensation misalignment

$0 Q)1S(5 1.0 nity transformation matrix from~
X, Y# Z accelerometer output

51 QMXS('5) 0.0 unity axis to X, Y, Z body axces

52 Q*415(7 0.0 unity

53 IS (8) 0.0 unity

54 QMIS (9) 1.0 unity
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Index Variable Default Value unit Description

55 SFk4OMl 10.0 ppm X-accelerometer compensation
negative

56 SFMO(2) 10.0 PPM Y-accelerometer scale-
factor

57 SFMO3. 10.0 pmZ-accelerometer )error

58 SFP1(I 0.0 ppm/g X-accelerometer compensation
positive rate

59 SFPl(2) 0.0 ppm/g Y-accelerometer 1sensitivity of
Iscale-factor

60 SF1()0.0 ppm/g Z-accelerometer 7errors

61 SEMi (j) 0.0 p/g X-accelerometer compensation
negative rate

62 SEMI (2) 0.0 Ppm/g '-accelerometer sensitivity of

63 SFM1(3) 0.0 ppm/g Z-accelerometer ersc-fto

64 1RX(1) 1.01 ft
( compensation position vector

65 RX(2) 0.0 ft j (vehicle cg to X-accelerom-

66 RX3) 00 fteter origin) in body coordinates

6? RYMl 0.89 ft
I J 1compensation position vector

68 RY(2) 0.19 ft £ (vehicle cg to Y-acceleron-

't 6 P13) 00 f ) ter origin) in body coordinates

70 RZ(i) 0.91 ft
Scompensation position vector

71 RZ(2) 0.0 ft (vehicle cq to Z-accelerom-
oter origin) in body coordinates

72 1RZ(3) 0.19 ft

*73 lXX 5.0 g- Moment of inertial about outputI axis

(b) Common Initialization File (PPIL)

FORTE4A unit nuinbert 7

* ORT1IA format: 15, F20.10

2-103



14Index Variable refault Value Unito Description

1 WE 0.7292115147E-4 rad/s earth rotation rate

2 RE 20925640.0 ft earth radius

3 G 32.0 ft/s 2 nominal gravity

4 PETT6.0 5 printing frequency

S14

L(4) Call-Line Data

VV
output

(a) Call-Line input

Variable Units Data Type Description

T aRE"L current simulation time

19NDF logical lINTEGER last-pass indicator

MVO. ft/s REM quautized integral of vehicle
sperific force along the X0 Y, Z,
accelorometor input axes (over
the fast cycle accumulated over
slow cycle)

Dh A rad REAL quantized integral of angular rate
about the X, Y, 2 accelerometer
input axes (over the fast cycle
accumulated over-slow cycle)
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(b) Call-Line Output

Variable Units Data Type Description

OVA ft/s REAL quantized integrrl of vehlicle

seiifocalgXYaccelerometer input axes (accumu-
lated anad compensated)

(5) Formulation

(a) initialization Function

The initialization switch, INITSW, is initialized to zero in a

DATA statement. The following functions are perfoived on the first pass,

if INITSW 0, IENOF 0, and if the module operating cycle time has

elapsed.

* Rlead and print initialization filo (IFILE).

0 Read common initialization file (PFILE)..

0 Set OFILE XPILE

Define the matrix, QA. 50 from the seconid rows (i.e.,o the output

axes of the X, Y# and 2 acceleometer) of QAI3X, QABY# anid QABZ, re-

spectivelyt

QABX(4) MAX(s) QA1BC(6)

QAI3O QABY(4) QAY(S) QABY(6)

QAIOZ(4) QABZ(S) QAi3746)
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r

Convert initialization data to computational units,

BIAS = BIAS * i.E - 6*G

KII = KII * l.E-6/G

DELI DELI * 2.37E - 6

SPO = SFPO* L.E 6

SPi SFP'Il.E -6/G

iSio SFO l.- 6

$S14 SF14 * I.E- 6/G

whore the conversion factors arc

2 2
lb-ft u 2.37E - 6 gm-cm

lb-ft u7.23E - S m-cm,

unity .I. 6 rJ

9 ft/ (L.E - 6*G) o

g ft/s2  6/ /92

The initialization switch is sot, INITSW I and t.10 current

simulation time is increamntd

fow the subroutine returns to the main program.
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(6) General Function

The following functions are performed every module operating cycle.
The switch, K10, which was initialized to 0, is reset to 1 upon comple-

tion of the first pass after initialization.

The rate of change of angular velocity, WDOT, resolved along the

three accelerometer output axes, is bypassed on the first pass after

initialization, but calculated on every subsequent pass

WDOT =QBAO (DTHETA -DTHETP)/DT

where

DTHETP = DTHETA of the previous pass

The quantized incremental velocity (the quantized integral of

the specific force), DV0, for each of the X, Y, and Z accelerometers,

in turn, is compensated for the effects of

* scale-factor error (positive and negative).

9 bias.

. acceleration-squared sensitivity along the input axes.

* anisoinertia.

* lever-arm effect.

* output-&xis couplings.

Scale-factor error is compensated by

DVO DVO*(l - SFO + Sil*DVO/DT)

if DVO > 0.0, for positive scale-factor error and by

RDVO DVO*(l SMO +SMl*DV0/DT)

if DVO <0.0, for negative scale-f~actor error.
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Bias compcnsation is accomplished by use of the relation

00O + DOBIAS*DT

The components of DVO correspond to the X, Y, Z accelerometer

input axes.

The cross products (CiOSSi and CIOSS2) are cL1culated for the

X-accelerometer to obtain the lever arm effect by

CROSS1 =DTHETA x RX

CROSS2 =(DTHETA x CROSSl)/DT

Iand O)THETA is transformed from body to X-accelerometer coordinates

every pass

DTHETZ QABX *DTHETA

{ ... 'where the components are

1. nptixi
2. input axis

r 3. pendulous axis

while che caculation of the cross product, CROSS3(1), for the X accel-

-~ oroiueter is bypassed only on the first pass after initialization and

CROSS3(l) - (DDT(2)*RX(3) -U DI3) RXA 2))/DT

1 where

WDDlI(2) DTHETA(2M DTIIETP(2)

ODTH (3) DTHETA(3) - 1YrITP(3)
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:1 ~Similarly, for the:Y-:ccelerometer

CROSS2 =(DTHETA x CROSSl}/DT

and

DTdETZ =QABY *DTHSETA

and

CROSS3(2) (DDTH(3)*RY(L- DDTH(1)*RY(3))/DT

,j where

DDTH (3) DTHETA 13) -DTHETP (3)

DDTH(l) DTHETA(1) -DTHETP(l)

Also, for the Z accelerometer

CTSi DTHETA xR

CROSS2 (IDrHETA x CROSSl)/DT

and

DTHETZ QA53Z *DT14ETA

and

CPM~S3(3) -(D>Tk(1)RZ(2) - DDTl(2)*RZ(1))/DT

where

DW1rlHl DfTHE1TAMl DTBETP(l)

JDTIU(2) DTHETA(2) -DTIIF.TP (2)
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The lever-arm effert is compensated by the terms CROSS2 and CESS3 on

the incremental velocity

DVO DVO -CROSS3 -CROSS2

The acceleration-squared sensitivity along the input axis is

compensated by the term

-2
1(11 DVO /DT

for the X, Y, and Z accelerometerz on every pass.

The anisoinertia is compensated by the term

DELI*DTHETZ (3)*]DTHETZ (1)/ (DT*MRjC)

for the X, Y, and Z accelerometers using the pendulous (3) and input (1)

components on every pass.

J, The acceleration-squared sensitivity along the input axis and

the anisoinertia are added to the incremental velocity for

DO DVO + l(XI*DVO /DT + DELI*DTHETZ(3)*DTHETZ(l)/(1T*MRC)

along the X, Y, and Z accelerometer. input axes.

Finally, the output-axis coupling is compensated on all passes,

except the first pass after initialization for tht X, Y, and Z accel-

erometers, and added to the incremental velocity

DVO DVO + Ix *X WDOT/14RC
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At the end of the first pass after initialization and compensa-

tion of the DVO along the X, Y, and Z accelerometer input axes, the

switch 1' 0 is reset, K0 = 1.

On every pass the quantized integral at angular rate is restored

in DTHETP for use in the next pass

DTHETP m DTHETA

Finally, the quantized integral" of vehicle specific force (incremental

velocity) along the X, Y, and Z accelerometer input .axes,*.fVA, is com-

pensatad for accelerometer misalignment

" IDVA QMIS *.DVO

The compensated incremental velocity, DVA, is printed and the

simulation time incremented

TCAC T+ DT

The subroutine now returns to the main program.

(6) Output

(a) Print

FORTRAN unit numbert OEILE - 6

On the initialization pass, the title "ACC COMPENSATION

I INITIALIZATION" and the initialization data are printed.

Printed output is produced at PRNTDT or ZODPDT intervals when

PRHTSW 1 1. See Section 2.2 for print control logic, The printed

output is as follows
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Variable Units Description

DVA ft/s compensated, quantized integral of
Kvehicle specific force (incremental

velocity) along X, Y, and Z accelerome-
ter input axes plus errors accumulated
over the slow cycle

(7) Subroutines Called (See Section 2.3.15)

mXV - matrix by vector product

i1 -

A i

f1



2.3.10 GYRO COMPENSATION MODULE (GCOI4P)

~ (1) General Description.

This module computes the compensation for gyro bias, scale-

factor error, acceleration-sensitive terms, acceleration-squared

sensitivities, scale-factor variation with rate, output-axis coupling,

anisoinertia, and gyro misalignments.

~ 4 (2) Gyro CbMFgensation module Flow Diagra

I Figure 1 depicts the general logic flow of the gyro compensation

module.

(3) Input

-i ~ (a) Module Initialization File (IFILE)

FORTRAN unit number: 69

FORTRAN format: 15, F20.10

index Variable Default Value Units Description

*1 DT .0.02 s module operating frequency

2 PRNTSW 1.0 logical print switch (0 - no print,
4 t otherwise print)

<t3 017±5W 0.0 - not used

4 XFILE 6.*0 logical FORTRAN unit number for

printout

.15 SPAREl 0.0 --- not used

6 SPA1RE2 0.0 --- not used
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A Index Variable Default Value Units Description

I 7 QMIS(l) 1.0 unity

8 QMIS(2) 0.0 unity

9 QMIS(3) 0.0 unity

10 QMIS (4) 0.0 unity compensating transformation

from X, Y, Z gyro input
11 QMIS(5) 1.0 unity axis to X, Y, Z body axes

12 QMIS(6) 0.0 unity

13 QMIS(7) 0.0 unity

4 14 QMIS(8) 0.0 unity

1 15 QMIS (9) 1.0 unity

S16 ------

17 SFPO(l) -30.0 ppm (x
compensation

18 SFPO(2) -30.0 ppm positive scale- Y gyro.
factor error

19 SFPO(3) -30.0 ppm Z

S"20 BIAS (i -0.34 deg/h X

compensation-0.34 bias error Y gyro.

r for
22 BIAS(3) -0.34 deg/h

23 Si0(1) -44.0 ppm x
computation

24 SFt4(2) -44.0 ppm negative scale- Y gyro
J factor 'error

25 SF40 (3) -44.0 ppm Z

- . .2 -1 1 5



Index Variable Default Value Units Description

26 QGBX(l) 1.0 unity

27 QGBX(2) 0.0 unity

28 QGBX(3) 0.0 unity

29 QGBX(4) 0.0 unity
compensation trans fortation

30 QGBX(5) 0.0 unity from X, Y, Z gyro output
(body) axes to input, output,

31 QGBX(6) 1.0 unity spin axes of X gyro

32 QGBX(7) 0.0 unity

33 QGBX(8) -1.0 unity1'
34 QGBX(9) 0.0 unity

35 QGBY() 0.0 unity

36 QGBY(2) 1.0 unity

37 QGBY(3) 0.0 unity

38 QG (4) 1. 0 unity compensation transformation

39 QGBY(5) 0.0 unity from X, Y, Z gyro output
(body) axes to input, output,

.40 QGBY(6) 0.0 unity spin axes of Z gyro

41 QGBY(7) 0.0 unity

42 QGBY(S) 0.0 unity

43 QGB¥(9) -1.0 unity

44 QGMZ(1) 0.0 unity
unit compensation transformation

45 QGZ(2) 0.0 ty from x, Y, Z gyro output

46 QGBZ(3) 1.0 u y (body) axes to input, output,
spill axes of Z gyro

i! "47 QGSZM4 1.0 unity

'I
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Index Variable Default Value Units Description

48 QGBZ(5) 0.0 unity

49 QGBZ (6) 0.0 unity compensation transformation
from X, Y, Z gyro output

50 QGBZ(7) 0.0 unity (body) axes to input, output,

51 QGBZ(8) 1.0 unity spin axes of Z gyro

52 QGBZ(9) 0.0 unity

53 10(1) -0.037 deg/h/g compensation X53 KM -0037output axis

54 1(O(2) -0.037 deg/h/g acceleration Y gyro.
sensitivity

55 KO(3) -0.037 degh/g coefficient

56 KI (1) 1.16 deg/h/g compensation X

input-axis

57 K1((2) 1.16 deg/h/g acceleration gyro.
sensitive

58 KI (3) 1.16 deg/h/g coefficient Y

59 KS(l) -0.66 deg/h/g compensation xSspin-axis

60 KS(2) -0.66 deg/h/g acceleration Y gyro.

sensitive
.61 KS(3) -0,66 deg/h/g coefficient z

62 " KI(1) 0.0 deg/hg compensation i
2 input-axis63 -KXI(21 0.0 deg/h/g2  acceleration- Y  gyo.

squared sensitive

64 1I(3) 0.0 dog/b / coefficient z

65 151000. m :c2 / compensation gyro angular4momentum
.66 IXX 226. qm-c 2  compensation moment of inertia

about output axis

67 KSS(1) 0.0 deg/h/g compensatiO XI I2 ~pini axisI.. ".6()(0 e// acceleration- 
Y  gyro.-

2 squared sensitive

69 KSM(3) 0.0 deg/h/9 coeffi i t ,z
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V

Index Variable Default Value Units Description

70 KI(1) 0.0 deg/h/g2  compensation X2 input -output |
71 KIO(2) 0.0 deg/h/g2  axis acceleratio Y gyro.

2 squared sensitivej
72 110(3) 0.0 deg/h/g 2coefficient Z

73 KOS(1) -0.15 deg/h/g2 compensation x

ii2 output -spin axi1 V74 KOS(2) -0.15 deg/h/g acceleration- gyro.

2 squared sensitive75 KOS13) -0.15 deg/h/g coefficient

76 KIS(l) 0.06 deg/h/g2' compensation
77 KIS(2) 0.06 dsg/h/g2  acceleration- , gyro.

squared sensitivi (
78 KIS (3) 0.06 deg/h/g coefficient z)

2"
79 DELI 14.0 gm-cm ,-gyro spin-axis minus input-

'axis moment of inertia V

80 SFH (1) 0.0 ppm/deg/s compensation Xnegative scale-

81 SFM1(2) 0.0 ppm/rad/s factor error gro.r
varying with ..

82 SFH1(3)- 0.0 ppm/rad/s rate,

83 SPI(l) 0.0 ppm/rad/s compensation X
positive scale-

84 SR'P(2) 0.0 ppw/rad/s factor error Y gyro.
varying with (

:6 SFP1(3) 0.0 p/ad) -rate

86 HOOPDY 6.0 s oule prcint interval

(b) Common Xnitialization File (PP'IL,)

PORTRAN unit. nuzber: 7

F' FRTRAN fotmat: iS* F20.10
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, Index Variable Default Value Units Description

1 I WE 0.729211514E-4 rad/s earth rotation rate

2 RE 20925640.0 ft earth radius

23 U 32.2 ft/s nominal gravity

4 PRNTDT 6.0 s printing frequency

5 PBUF(l) 0.0 -- not used

(4) Call-Line Data

Input

(T, lEND?, D'iI!FSTVA,

DTUELTZ)

Output

(a) Call-Line InLut

Variable Units Data Type Description

T a IEAL current simulatiOn time

lEND)' logical XNTEGER last-pass indicator

t!ii ito rad 9 ML quantized integral of angular.rate
about X, Y, Z gyro input axes
(fast-cycle :omputation, accumu-
lated over slow cycle)

OVA ft/s REAL compi nsated quantized incrrmental
velocity (fast-cycle computations

accumulated over slow cycle)

(b) Call-Line Output

variable Units Data Typo Description

DTHETZ ra REAL coapensated, quantized integral of
angular rate about X, Y, Z gyro input
axes (famt-cycle computations accuma-
lated ovor slow cycle)
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(5) Formulation

(a) Initializaticn Function

The initialization switch, INITSW, is initialized to zero in a

DATA statement. The following functions are performed on the first

pass, if INITSW' 0, IEDF 0 C, and if the module operating cycla time

has elapsed.

* Read and print initialization file (IFILE).

*Read common initialization file MPILE).

*Set OFUJE VPILE.

0 Convert initialization data to computational units,

SMI SFtl l.E6

SPI S1PIl.E-6

SPO -SFP*l.E -6

SR SPR 1.E - 6

DIAS W BAS 4.85C - 6

X0 a O 4..85E - 6/G

KS * KS 4.85E - /

I=S KOS 4.6% - 6Ai

KSS K SS 4.859 6/ 2

K1O 910 4.85E - 6A 2

IXX XXX 37E -6

t~EI - W~L2,.37 -6

H * H2.31S- 6
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P,

where the conversion factors are

2 2
lb-ft 2.37E -6 gm-cm

unity =I.E - 6 ppim

deg/h/g 4.85E --6 rad/s/g

deg/h/g2  4.85E -6 rau/s/g2

Define the matrix, QOBG, from the second row (i.e., the output

axes of tho X, Y, and Z gyros) of QGBX, QGBY, and QGBZ, respectively,

QGIBX(4) QGBX(5) QGBX(6)

QO~G QGBY(4) Q Y() QGBY(6)

QGBZ(4) QGBZ(5) QGBZ(6)

The initialization switch. is set, INITSW 1, and the current simulation

tim~ is incromented

TCGY T +DT

Now the subroutine returns to the main program.

(b) General Vunction

cyl.The following functions are performed every module operating
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The quantized integral of the angular rate about the X, Y, and

Z gyro input axes are compensated for positive scale-factor error when
DTHETO > 0.0 by the factor

Ti 1. l+SPO +SP*DTHETO/DT

and for negative scale-factor error when DTHETO < 0.0 by the factor

TI= 1. + SM + SMl*DTHETO/DT

A bias correction is added,

DTHETO DTHETO *T 1 + BIAS

The quantized integral of angular rate, DTHETO, is compensated

for acceleration effects for X, Y, and Z gyro, in turn.

First, for the X gyro, the vector DVA is transformed from the
, X, Y, Z accelerometer input-axis coordinates to accelerometer (input,

output, and pendulous) coordinates

E QGI3X UFOA

J iAlso, for the X gyro, the vector DTiI~LM is similarly transformed from

the X, Y, Z gyro input-axis coordinates to gyro (input, output# spin)

coordinates

D'rHEG QGO8X *TW

Similarly, for the Y gyro

VG *QGBY D VA
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I';

and

DTHETG =QGBY *DTHETO

and for the Z gyro

DVG =QaBZ VA

DTHE-TG QGBZ * TIETO

From the transformed vectors, DVG and DTHETO, the acceleration

effects and anisoinertia compensation are computed for the X, Y, and

Z gyros

JY1HETO DTTO + KI*DVG(l) + KO*DVG(2) + KS*DVG(3)

+(KOS*DVG(2)*DVG(3) + KSS*DVG(3)2 + 1CJI*DVG(l)2

*1 + IIS*DVG(l)*MVG(3) + KIO*DVG(l) * DVG(2))/DT

- L*DHET *l DTHETG(3)/(I*DT)

Finally, output axis coupling compensation is accomplished by the

following computation on all passes except the first pass after initiali-

zation, when KI 0. First, the difference between DTflETO and Dlii,

where DTH DTHETO of the previous pass is defined as

WDO Y DMTO - DTH

and WDOT is resolved about the X, Y, Z gyro output axes# as DW'O

WO QOBG *WDOT
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and

DTETO DTHE O + IXX * DO/(H D)

with components about the X, Y, and Z gyro input axis.

On every pass, DTHETO is restored as DTH

DTH DTHETO

for use in the subsequent pass. 110 set to 1 on the first pass after

initialization.

The quantized integral of angular rate, DTHETZ, about the X, Y,

and Z gyro input axes is compensated for misalignment

MTHETZ =QNS *DTHETO

The vector, DTTZ, is printad and the simulation time incremented

TCGY - T + DT

The subroutine now returns to the main program.

(6) Ouu

(a) Print

FORTRAN unit numbers OFILE - 6

On the initialization pass, the title "GYR COMPENSATION INITIALIZA-

TION" and the initialization data are printed.

Printed output is produced at PRNTDT or HODPDT intervals when
PANTSW > I. See Section 2.2 for printe control logic. The printed

output is, as follows
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Variable Units Description

DTHETZ rad compensated quantized integral of angular
rate about the X, Y, Z gyro input axes over
the slow computation cycle plus errors

(7) Subroutines Called (See Section 2.3.15)

14XV =matrix by vector product
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2.3.11 LASER GYRO COMPENSATION MODULE (GCOMP)

(1) General Description

The compensation module accepts incremental rotations from the

simulated laser gyros and produces compensated incremental rotations in

body coordinates. The module contains compensation for the following

error sources:

" gyro input axis misalignment

" scale factor error

* scale factor turn-on transient

* gyro bias

4, * turn-on transient drift

(2) Gyro Module Flow Diagram

Figure 1 is a flow diagram of the laser gyro compensation module.

The module is initialized on the first pass through the routine. The

compensation module initialization file (IFILE) is read and the compensation

parameters are converted to internal program units. The program then

* performs the normal module operations. An analytical description of the

laser compensation equations is given in Volume II, Section 5.2.3.

(3) Input

(a) Module initialization File (IFILL)

FORTRAN unit number : 69

FORTPAN format: 15, F20.10
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INITCAIZLATE

EXPONENTIAL DRIFT
AND SCALE FACTOR

TRANSIENT COMPENSATION
J ADD SF TRANSIENTS

TO-THE KW M4ATRIX IIILZTO

CONVERT'
1E INITIALIZATIONCOMPENSATE DATA TO INTERNAL

FOR SYRO BIAS, j PROGRAM UNITS
:J_ EXPONENTIAL.'ORIrT,

SCALE FACTOR 61AS
AND SF TRANSIENT zp

rDELETE EXPONENTIAL
TERMS IF TIME

- [ CONSTANTS NOT
POSITIVE

I'F igure 1. Laser Gyro Coppensation Module Flow, Diagram
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~Default

Index Variable Value Units Description

1 DT 0.02 s module operating frequency

2 PRNTSW 1.0 logical print switch (0 - no print,otherwise print)

3 OUTSW 0.0 --- not used

4 XFILE 6.0 logical FORTRAN unit number for printout

5 SPARE1 0.0 not used

6 SPARE2 0.0 not used

7 MODPDT 6.0 s module print interval

8 DE(1) 0.7 deg/hr

9 DB(2) 0.4 deg/hr gyro bias

10 DB(3) -0.6 deg/hr

11 DTA(l) 0.06 deg/hr

12 DTA(2) -0.03 deg/hr transient drift magnitude

13 DTA(3) -0.05 deg/hr

14 DTC(I) 45.0 min

15 DTC(2) 45.0 min transient drift time constant

16 DTC(3) 45.0 min

17 SFTA(1) 0.8 ppm )
18 SFTA(2) -0.7 ppm transient scale factor amplitude

19 SMA (3) 1.0 ppm

20 SFTC(U.' 45.0 min

21 SFTC(2) 45.0 mll transient scale fictor time constant

22 SF C( ) 45.0 min

23 XW() *. ).0 pPM

24 KW(2) 20.0 pPM

25 .KW(3) 50,0 p

26 KW(4) 40.0 Pgm gyro SF and gyro input axis (%A)
• 1W 5) 15 ?_isaligflent matrix

" 2 (6) "30.0 l. main diagonal SP bias (ppm)

" 0 3, off diagonal -" :A *is (micro -xd P)S29 ' X : 17(), -3000 PPM

.30 le(S) -40.0 ppm

..31 1W " 9): .
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I ~ (b) Coua on initialization File (PFILE)

FORTRAN unit number: 7

4r FORTRAN format: 15, F20.10

Default
Index Variable Value Units Description

1 WE 0.729211514E-4 rad/s earth rotation rate

2 RE 20925640.0 ft earth radius
fl 2

43 G 32.2 ft/s nominal gravity

4 PRNTDT 6.0 S printing frequency

5 PBUF(1.) 0.0 -- not used

j(4) Call-Line Data

Input

(T, IE?4DF, DTHETO, DVA,

DTffETZ)

Output

(a) Call-Line Xpput

Variable Units Data Type Description

IT s REAL Current simulation time

IENDF logical INTEGER last-paos indicator

DTHETO wad REAL quantized integral of angular rate
I about X# Ys 2 gyro input axes

(fast-cycl1e comnputation, accumu-
lated over slow cycle)

6VA --- VHAL not used
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(b) Call-Line output

Variable Units Data Type Description

DTHETZ rad REAL compensated, quantized integral of
angula:r rate about X, Y, 2 gyro
input axes (kast-cycle computations
accumulated over slow cycle)

(5) Formulation

(a) Initialization Function

I The initialization switch, INITSW, is initialized to zero in a DATA

I statement. The following functions are performed on the first pass, if

INITSW 0, IENDF 0, and if the module operating cycle time has elapsed.

*Read and print initialization file (IFILSE).

e Read commwon initialization file MIfLE).

* Set OPILE -XFILE&

*convert the initialization data to internal programu units,

'1 internal units are: radians, feet, and seconds.

DB - DD3 DTR/36OO.

EWA DYLA *DTR3600.

DTrC DTC *60.

SFTA SPTA * .E-6.

SFT SFTC * 60.

XW 1KW Ld-6

where 011R equals. degreesito-radians conversion factor.,

SI *Compute the exponential drift and exponential scale factor coefficients.

iXPI) EXP (-DTITrC)

EXPSF mEXP(-Y1'/SFTC
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The vector DTC contains the time constants of the exponential drifts

and SFTC contains the time constants of the exponential scale factors.[ The elements of EXPD and EXPSF are set to zero if the corresponding
time constants are nonpositive. The difference equation for each of

the terms is of the form

DT(n+l) = DT(n) *EXPD

S T(N+l) = S T(n) EXP5S'

Thus, the individual transients are set to zero if the associated time

constant is not positive, This allows the user to delete compensation

for any of the transient terms by setting the am~plitude and time

constant to zero.

The initialization switch is set, INITSW *1, and the curront simulation

time is incremented

TCGY T T+DT

Now the subroutine returns to the miain program.

(b) General Function

The following functions are performed every module operating cycle.

*Compute the transient drift and scale factor compensation,

ZDrA D * EXPD

SPTA SPTA *EXPSFIThe transient terms are net to zero it the magnitude becomes less than
L.E-10 to prevent uhfderf low.
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SAdd the scale factor transient to the scala factor bias. Insert

the sum on the main diagonal of the rate sensitive matrix KW.

KW(K) =SF(I) + SF1TA(I), where K -diagonal elements

The off diagonal elements of KW contain the IA misalignments.

* C~ompute the compensated incremental rotation DTHETZ,

DTHETZ LI- KW DTHETO - BB + DTA Jyr)

where

DMHETO quantized angles from the simulated laser gyros

05 gyro bias compensation

DTA =transient drift compensation

KW angular rate sensitive coefficient compensation

I identity matrix

The vector, DTEZ, is printed and the simulation time incremented

TCGY ~T +DT

The subroutine now returns to the main program.

(6) 02tM2u

(a) 1,rint

F'ORTRAN unit number: WFILE 6

On the initialization pass, the title OLASER GYRO CORPENSATIOI

INITIALIZATION* and the initialization data are printed.Ia

Printed output is pvoduced at PIPNTDT or HMOOTr intervals Vien k-RTSW > 1.

See Section 2.2 for print. control logic. The-printed outpt L.,t an

follows

Variable units Deacription

DTET ax Cokensated quantized integral of angular
rate about the X# Y, Z gyro input axes over
the slow COeMPUtation Ccle Plus errors
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(7) Subroutines Called (See Section 2.3.15)

)IXV =matrix by vector product
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2.3.12 ATTITUDE AND VELOCITY ALGORITHM 140DULE (ALG)

(1) General Description

The first segment of this moidule, the "attitude" algorithm pro-

cesses the incremental angle data, AO, (from the gyro compensation

module) to update the body-to-inertial transformation, C1, the initial

value of which is computed in the initilization pass. Either a qua-

ternion or a direction cosine matrix update, of first through third

order, may Wt ezrployed, as specified by the user.

iThe second segment uses Cb to transform the incremental velocities,

AV, (from the accelerometer compensation module) to the inertial frame,
where they may be summed, and passed on to the navigation module.

An additional transformation from the inertial frame to the navi-

gator's earth-fixed frame, ~ is applied to before it is pse

on to the latter module for use in attitude conputation.

(2) Atitd anVDc5 l~rih oueFo iagram

The general logic flow of the AWG module is shown in Figjure 1.

(3) IMut.

(a) Module xnitializatio F4-10. (WU4S)

FOHT~RAN unit 1Iumber: 70

PMTfRAM fort:t 3 5,~ P20.10

2-134



SIMULATION Y

NO INITIALIZAT ION

TIM
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QO~tERNION AND~J0 QUARTERNN

I ATRNI(I_0
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UNE PL1CI
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Default
index Variable Value Units Description

I DT 0.02 secs module operating frequency

2 PRNTSW 1.0 logical print switch (0 -no print, other-
wise print)

3 OUTSW 0.0 -- not used

4 XFILE 6.*0 logical FORTRAN unit number for printout

5 QORDCM 1.0 logical algorithim switch 10 -quaternion

fl -direction

cosine matrix

6 MODPDT 6.0 secs module print interval

7-10 ----- --- not used

11 ORDER 3.0 logical order specification first-orderal
for quaternion or second-order-2
direction cosine third-order=3
(dant) update

12 DTNRM 4.0 secs time increment between quaternion
or dcm normalization calculation

13 DTSLOW 0.0 -- not used

14 LATERR 0.0 dog initial vehicle latitude error

15 LONERR 0.0 deg initial vehicle longitude error

16 WANEflR 0.0 deg initial vehicle wander angle error

NQ17 PITERR 0.0 deg initial vehicle pitchi error

1e ROLERR 0.0 dog initial vehicle roll error

19 YAWE!RR 0.0 deg initial vehicle yaw error

(b) Common Xnitialization File (PPILE)

FoRTRAN unit numbert 7

FORTRAN formats t 1, P20.10

De faul L
Index Variable Value Units Description

1 WE 0.7292115147E-4 rad/sec earth rotation rate

2 RE 20925640.0 ft oarth radius

4 PRNTUT 6.0 $Cos Corinting frequency

5 ILAT 0.0 doj itiitial latitude

6 ILON 0.0 deg initial longitude
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Default
Index variable Value Units Description
7 WANIDER 0.0 deg initial wander angle

8 -- 0.0 not used
9 ROLL 0.0 deg initial roll angle

10 PITCH 0.0 deg initial pitch angle
i11 YAW 0.0 deg initial yaw angle

(4) Call Line Data

INPUT

T, IENDF, DTHETI, DV,

OUTPUT

(a) Call Line input

Variable Units Data Type Description
T secs REAL current simulation time
XENDF logical1INTEGER last pass indicator
I)THETI rad REAL com~pensated quantized inte-

gral of angular rate about
XPY,Z gyro input axes (fast
Cycle comutations accumu-
lated over slow cycle)

DV ft/eec REAL compensated quantized inte-
gral of vehicle specific
force along X,Y,Z acceler-
ometer input axes (fast
cycle Ccimputations accumU-
lated over slow cycle)
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(b) Call Line outgut

Variable Units Data Type Description

6DVN ft/sec REAL quantized integral of
vehicle specific force in
the inertial frame of the
local level navigation
module (LLN)

DCH units REAL direction cosine matrix
(body to earth-fixed frame
transformation)

j (5) Formulation

(a) Initialization Function

The initialization switch, INITSW, is initialized to zero in a

DATA statement. The following functions are performed on the first

pass, if INITSW = 0, IENDF = 0, and if the module operating cycle time

has elapsed.

* Read and print initialization file (IFILE).

9 Read common initialization file (PFILE).

0 Set OFILE XFILE
NQDCM u QORDCM
NORDER - ORDER

0 Initialize

DVN 0.0
DTHPRE w 0.0

0 Define the following quantities,

TNOR m T + DTmRM

and convert the angles in degrees to radians,

-A"- COSP w COS ((PXTCH+PITERR)/RDT0DG)
cosYe - cos ((YAW+YA$wrR)/RDT DG)
COSR - cos ((ROLL+ROU#EPR)/RDTODG)

COSLAT - COS ((XLAT+LATERR)/RDTOOG)
COSLON - cos ((uN+WNERA)/ADTDG)

COSW - cOS ((wANDER+WA4ERR) /RDTDG)
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SINP = SIN (PITCR+PITEnR) /EDMDG)
SINY = SIN ((YAW+YAWERR)/JDIJDJ;)
SINR = SIN ((ROLL+ROLLEU) /DTDG)

SINLAT = SIN ((LTLTRR/DOG
SIMLON = SIN ((IfLONqLoNBa) /RTon)

51)1W = SIN ( (WANDEa+Wp)N~pa) /RDTODG)

where the conversion factor,

F mat~~o::~:x DPODG 57.29577951 dg/radraetanfr

mati~ matix i defined,

COSP*SINY -SINR*SINP*SINY..C2SY*COSR
1 COSR*SITNP*SINY+COSY*SINRf

QPB= COSP*COSY j SINR*SINP*COSY+OSR*sxYI-CXOSa*SInp*COsyeSINa*SINY

SINP jOPSN 
COSP*OS

from the single axis rotations (Appendix A of Volume II)
QPB Z (-"r/a) X (-ir) Z (-y) y (-p) X (-R) X (-,p)
The matrix, QIB, a computational to inertial frame transformation

mtrix is defined,

* QPjc S csINWN*&ZNWINAT COWCSATSNf ~OS *S~ ONSI W~ COSWONf SZN1NW U NL NSZNLjAVeC S 4CObcneCOw

The bOdY to inertial frame transformation matrix, QIS, is definedby the matrix Multiplication,

QIlI QZP *QPS

The vector, QIJAT, is initialized as,

QUATiI) 'a((l+QI1h(l)+gxcs) + QB9)4 /

QUAT(3) :Q~()Qb6'/4QA~)

QUAT(4) - (I()QB2)(*tA~)
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for a quaternion update or 'when NQ)CM 1, for a direction cosine

matrix update, QUAT is initialized as

QUAT -(0.0, 0.0, 0.0, 0.0)

The vector, DTHP, the previous pass value of DTHETI is

D)TNHP -(0.0, 0.0" 0.0)

The initialization switch is reset

II4ITSW1

and the simulation time incremented

TAWG T + DT

The subroutine now returns to the main program,

(b) General Function

The following functions are perfoxned every module opeating

cycle,

D~efine DCZIOW the direction cosine matrix of the previous

pass. as

D04OW QIS

for use in the interpolated values of ON4 and O0042

2-140



The vectors DTHETA and DTHP are defined

DTHETA =DTHETI

DTHP = 3HETI

,A A direction cosine matrix, DCM, is computed by one of two

update methods:, when NQDC4 = 0, a quaternion update calculation or

NQDCZ4 - 1, a direction cosine matrix update calculation. in either

case there is a choice of a first order, second order, or third order

update*

Thee quaternion calculation proceeds with the definition of the

matrix,. UDELT

--- DTHETA (1) -DTHETA (2) -DTHETA (3)
* DTHETA ()I- DTHETAO() -DTI{ETA(2)

UDELT DTHETA(2) -DTHETA(3) IDTHETA (1)

ZADTHETA(3)i DTH MA (2) I-DTHETA (1)

where the diagonal elements are undefined, (See Vol. 11o Section 7

for quaternion update discussion.)
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For the first order quaternion update, when NORDER -1, the terms of
the quaternion, QUAT, are

A QUAT(l) =QUAT(l) + (-DTHETA(1)*QUAT(2)
-DTHETA (2) *QUAT (3)

-DTHETA(3)*QUAT(4)/2

QUAT(2M QUAT(2 + (DTHETA(1)*QUAT(l)

+DTHETA (3) *QUAT(3)'ii -%TETA(l) *QUAT(4))/2

QUAT(3) =QUAT(3) + (DTHETA (3)*QUAT (1)
-DTHETA (3) *QUAT (2)

-DTHETA(l)*QUAT(3) )/2

where the terms on the right refer to the values of QUAT on the previ-
ous pass.

The dot podc, UDTH2 . is defined for use in both the second and
third order quaternion update as

UDTHS -(DMHETA(l) 2 + DTHETA(2) 2 + DTHETA(3))

The second order quatiarnion update is calculated# when NOfR -2.
Ilia terms of the quaternion are expanded for clarity.

QUAT(l) QUAT(1)*(l+UDyMj2/8) + (-MMHTAUL)*QUAT(2)
-DTkIETA(2) eQUAT(3)
-DTHETA (3) 'QUAT (4)) /2

QUAT(2) -QUIATC2)*(l+UID1I2/8) + ( DTHETA(l).QUAT(I)
+DMUTA(3) *QUAT(3)

Qu&T(3) mQUATC3)*(l+UIDTHZ/S) + ( DTIfTA (2) *QUAT (1)
-DTHLrA(3) *QUAT(2)
+DVIETA 1) 'QUAT (4) )/2
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F5tP

~'ELQAT(4) =QUAT(4)*(1+UDTH2/8) + (DTHETA(3)*QUAT(l)*

+DTIIETA(2) *QUAT (2):~ ~ -DTHETA(1)*QUAT(3) )/2

The third order quaternion update is calculated, when NORDER =3.

The terms of the quaternion are expanded for clarity. The cross prod-

uct, LDTH, is defined for the angles, DTHETA, and DTHPRE of the previ-

ous pass M ~ETA.

LDT DTHPRE X DTHETA

These cross products are redefined in-a matrix, LDEIT2.

I -LDTH(l) I-LDTH(2) j-LDTH(3)

LDL2LDTHMl LDTH(3) l-LDTH(2)
I1DTH(2) I -LDTH(3) LDiTH(l)

LDTH(-3) LDTH(2) -LI)TH(1) I'1 ~where the diagonal elements are undefined.

P. QUAT(l) =QUAT(l) * (1+UDTH2/8)
+QUAT(2) * (-(l/2+UDTH2/48)*DTlETA(l) -LDTH(l)/24)
+QUAT(3) * (-(1/2+UDTH2/48)*D T()LDH2/4

*1 ~+QUAT(4) * (-(l/2+UDTH2/48)*MlETA(3)-LDT)(3)/24)

QUAT42) QUAT(2) * (1+UDTH2/8)
+QUAT(l) * ( (l/2+UDTH2/40) *DTHTA (1)+WDTH (1)/24)
+QUAT(3) * ( (l/2+UrDT 2/4)*DTHETA(3)+wm)T(3)/24)
i.QUAT(4) * (-(1/2+UDTII2/48) *DTHEkTA(2) -WDTH2)/24

QUAT (3) QOAT(3M (l+UM1~2/0)
+QUT(* (1(/2+uDTli2/48)*DTHiETA(2)+WJiH(2)/24)

+QUAT(2) *((1/2+UIDff2/ 48) *DTllETA (3) -LTH (3) /24)
+QUAT(4) *(1(/2+UDTI2/48)*flTHW1A(1)+wiTH(l)/24)

QUAT(4) -QIJAT(4M (l+UtDil2/8)
+-QUAT~l (1 (l/2+U!)m2 /48)*ITHuT(3)+TI(3)/24)

t +QUAA (2) *( (3/2+EII~r2/4f)*Drn'TA (2) +wDTru(2) /24)
+QLJAT(3) *(-.(1/2+tUt.i2/ 48) *DTfIETA (1) -LTH (1) /24)
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If NORDER j4 1, 2, or 3, the statement, "ORDER NOT PROPERLY SPECIFIED"

is printed, the last pass switch is set, IENDF = 1, and the subroutine

returns to the main program.

The simulation time is tested and if the interval DTNRN has

elapsed or T > TNORM

the quaternion is normalized

QUAjT .Q6AT,'QUAT(1) 2 + QUAT(2 )2 +QUAT(3) 2 1l/2

and the normalization time is incremented

TNORM = T + DTNRM

j*
The quaternion is converted to the direction cosine matrix, DC14.

First define:

QlS QUAT(2)2

Q2S -QtJAT(3) 2

Q3S =QUAT(4)2

Q01 QUAT(l) *QUJAT(2)

Q02 -QUAT(l) *QUAT(3)

Q03 =QUAT(1) * QUAT(4)

Q12 QUAT (2) * QUAT(3)

Q23 QUAT (3) * QUAT(4)

Q31 QUAT(4) *QUAT(2)

Then

J 1-2*(Q2S+Q3S) 2*Q2Q3 2*Q31QO2)

2*(Q31-QO2) 2*(Q23+QOI) 1-2* (Q.ISQ25)

Aalternative to the quaterion update calculation is the direc-
tincosine matrix update.

rrthe first-re update, when I4ORDER 1, the batrix, DTL4 is

def ined.
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DT ~DTET()-THT1 2 -DTHETA(3) DTHETA(2)

For the second order direction cosine matrix update, when

NORDER =2, the following terms are calculated and added to the first

order matrix, DTk4.

First Order

DTM(1) I ~'(2) IDTZ4(3)
DTM DTM(4) DThI(5) DTM(6)

-. DTM (7) IDTM (8) DTX (9)

2 2
- (DTHETA(2) +DTMiTA(3)l DTHETA (1)*DTHETA(2) IDTHETA(3) *DTIpETA(l)

+1/20 M ~HETA(1)*DTHETA(2) (MEA3+TH''~) DTHETA(2)*D)T7ETA(3)
2 2

DTHETA(3)*DTHETA(l) j IyljJTA(2)+DTflETA(3) I.(DTHETA(l) +DTHS.TA(2))

F'or the third order direction cosine mitrix update, when NORDER

3, the following terms are caculated and added to the second order

Al matrix, DH

First define the texm, D

D 0.16666666666666 *(DT1IETA(3j 2+DTHiETA (2) 2 2D T 3

Then define the third order terms Cl, C2, and C3. in this version

these terms are set to zero,

Cl 0.0

C2 - 0.0

C3 MI 0.0

due to the infinite accelerations generated in the available version of

PROME1N. The correct terms are defined in coment statenrts for the

third order
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ti Cl = o.8333333333333*D-I*(DTHETA(3)*DTHPRE(2)-DTHETA(2)*DTHPRE(3))

C2 = 0.8333333333333*D-1*(-DTHETA(3)*DTHPRE(1)+DTHETA(l)*DTHPRE(3))

C3 0.8333333333333*D-*(DTHETA(2)* TP El)-D H A(1)*D (2))

Thus,
Second Order

DTM(1) DTM(2) DT?(3)

DTM DTM(4) I DTM (5) DTM(6)

DTM(7) I DT4 (8) I DTM(9)

I 'I

0 1 D*DTHETA(3)-C3 -D*DTHETA(2)+C2

+ -D*DTHETA(3)+C3 0 D*DTHETA(l)-Cl

D*DTHETA(2)-C2 -D*DTHETA(1)+Cl I 0

if NORDER $ 1, 2, or 3, the statement, "ORDER NOT PROPERLY SPECIFIED

is printed, the last pass switch is set, ZENDF 1, and the subroutine

returns to the main program.

The matrix, DTH, is multiplied by the body to inertial frame trans-

formation matrix, Q18, to obtain the direction cosine matrix of the

first, second, or third order update as a body to inertial frame trans-

formation.
DCHQIB * DTH

'Ate direction cosine matrix, DCH, is noralized at intervals of

DRN seconds or each time, T > TNORM. Nor laization takes the forw

of the first order orthonormalization,

DC t t H ,.- 1C 1 .DC •, - 1)

where I is the identity matrix.

The norumalization time is incrotwnted

TNOR- T + DTRM
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The normalized direction cosine matrix is stored in the body to

*. inertial Irame transformation matrix, QIB, for use on the next pass.

* *

QIB DCM

Now form approximate midpoint direction cosine matrix, DCHMID,

from DCM of this and previous pass.

DCMMID (DCM DCMOLD)/2

Using the approximate midpoint direction cosine matrix, DCMMID,

obtained either from the quaternion or directio cosine matrix update,

the compensated quantized integrals of the specific force, DV, are

transformed to the inertial frame

DVI 1X24Z41D *DV

The quantized specific force increments, DVI, are sumed to be

compatible with the L N module operating frequency. (DVN is zeroed

in the LLN module) and the reference frame is transfowmed from the

AiAy ituartial frame to the LW inertial frame.

DVN(1) DVN() + IV(3)

DVI(2) DIM (2) + DV1(1)

DVN(3) I)Vt(3) + EiVI (2)

The direction cosine matrix is converted from a body to inertial

frame to a:body to earth-fixed frame transformation.

SWET I 0.0 I ar

DQ4H NET 0.0 -SWT *D]

0.0 1.0 0.0J.

............. ,..



I

I

where

CWET = COS (WE * T)

SWET SIN(WE * T)

Finally if the update order is third order, NORDER - 3, the

quantized integral of angular rate, DTHIEA is stored in DTHPRE for

use in the next pass

DTHPRE DTHETA

The quantized integral or specific force, DVN, the direction

cosine matrix, DC4, and the quaternion, QUAT (if NQD"4 0) are printed

aud the simulation time is incremented

TAW ~aT + T

(6) q -tput

(a) Print

W.TRA .unit numbrt OZLE - 6

On the initialization pass tile title "AtL M INIT=ZATIONW

and the initialization data are printed.

Printed output. is produced ,At PRNT( or IODPDT inotervals when
- PWSW Z: L, See Section 2,2 of Vol. IIIt for prit control logic. -
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.~~~1t ~~~The printout is as follows: o h oa ee aia

variable units Description

DVN ft/8 quantized integral of specific force along
th ,e ceeoee input aeinthe

tion odule(LLN)

QtJAT unity qaeno

DCM unity the direction cosine matrix (to transform
from the body frame to the earth fixed
frame)

(7) subroutines Called (See Vol. III# Section 2,3.15)

MTXM - Matrix transpose by matrix product~

~ I ~ MXM - Matrix by matrix product
?4XV - Matrix by vector product

(I
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2.3.13 LOCAL LEVEL NAVIGATOR MODULE (LLN)

(1) General Description

The software algorithms for a local-level wander-azimuth navigator

are incorporated by this module. The inertially referenced incremental

vehicle velocity, passed over from the attitude and velocity algorithm

module (ALG), is transformed to local-level wander-azimuth coordinates,

and then used to update the vehicle current position and velocity. The

body-to-"new"-earth-fixed transformation from the ALGmodule, is further

transformed to the "new" computational frame, and used in attitude com-

putation. An altimeter loop is also employed, using the simulated bar-

oaltimeter measurement from the altimeter module (ALTI), for the purpose

of stabilizing the vertical channel.

(2) Local-Level Wander-Azimuth Navigator Module Computational
Flow Diagram

The general flow logic of the LLN module is illustrated in Figure 1.

(3) Input

(a) Module Initialization File (IFILE)

FORTRAN unit number: 80

FORTRAN format: 15, F20.10

Index Variable Default Units Description
Value

1 DT 0.02 s module operating cycle time

2 PRNTSW 1.0 logical print switch (0 - no print,
otherwise print)

3 OUTSW 0.0 - not used

4 XFILE 6.0 logical FORTRAN unit number for
printout

5 SPARE I 0.0 not used

6 MODPOT 6.0 s module print cycle time
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END OF YES

ZIMULATION RETURN

NO

INJIT:AL- YES Soo
'AT ION

R'EAD~INITIALIZATION
) DATA FILE

FTIME
OR NEXT NO RTR

/READ POATA

YES

TRANSFORM THE CHANGE

IN VFLOCITY FROM INITIALIZE
INERTIAL TO EARTI, VERTICAL DAMPING
FIXED COORDINATES
AT MID.COMPCYCLE If

i I CONVERT TO

TRAN SFORM THE CH4ANGE
IN 'LLOCIIY FROM
EARTH FIXED COORD INAT ES
To LOCAL LEVEL WANDER CALCULATE INITIAL
AZIMUTH COORDINATES COMPUTATIONAL TO
AT MIO-COMF CYCLE EARTH FIXED TRANS-

FORMATION

UPDATE V ELOCITY

FOR AL F 0 COUPUTEEARTH

RELATIVE
VELOCITY

V E T CA,
OAVING COMPUTE ANGULAR

TERM VELOCITY (CALL
ANG VELI

AVERACE OLD & NEW
VE LOCITY 70OB~TAIN COMPUTE INERTIAL
INTERPOLATED) VA4LUF FRAME RATE X0O
& EX--iAPOLATE & CORIOLIS CORIIECTION

ACO.MFUTE 
ANGUL ARVELOCITY CHiO UPDATE TRANSFORM

(CALL ANr, VE~L MATRIX AT MID-COMP
-1 1 CYCLE (CALL AUPI

UPOATE TRANSFORMATIO N
MATRIX FROM COM6PUTATIONLTASOM T
TO EARTH-FIXED (CALL AUP MID-COMP CYCLE

CALL MMI 4CALL MM)

EXTRAPOLATE WANDER
*0 TIME FOR ANGLE TOM 10-COMP
NO ORTHO- CYCLE

NORMAL IZATION

COMPUTE GRAVITY
YES AT MID-COMP CYCLE

ORTHO-NORMALIZE(CL 
RV

TRANSFORMATIONf

MATRIXCOMPUTE CORIOLIS
CORR ECTION AT MID-
COMP CYCLE
(CALL TOFCORI

WRITE

INITIALIZATION
DATA

Figure 1. Local Level Navigator Module (Sheet 1 of 2)
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EXTRAPOLATE TRANS-
FORMATION MATRIX TO
MID-COMP CYCLE (CALL
AUP)ICALL MM)

COMPUTE VERTICAL
DAMPING TERMS &
EXTRAPOLATION

EXTRACT LAT. LON. ALF
& EXTRAPOLATE ALF
(THE WANDER ANGLE)

TRANSFORM
VELOCITIES

TO ENU

COMPUTE GRAVITY

EXTRAPOLATED TO MID-
COMP CYCLE (CALL GRAV)

COMPUTE ANGULAR
RATE RHO
(CALL ANVEL)

COMPUTE COMPUTATIONAL
TO INERTIAL RATES X DT
& COORDS CORRECTIONS
(CALL TORCOR)

COMPUTE ATTITUDE
MATRIX & EXTRACT
ATTITUDE ANGLES

IF PRINT SWITCHES
ARE SET, PRINT
MODULE OUTPUT DATA

RETURN

Figure 1. Local Level Navigator Module (Sheet 2 of 2)I2-152



Index Variable Default Units Description

Value

7 ALTERR 0.0 ft initial altitude error

8 VERR(l) 0.0 ft/s initial velocity error
(east)

9 VERR(2) 0.0 ft/s initial velocity error
(north)

10 VERR(3) 0.0 ft/s initial velocity error
(up)

11 LATERR 0.0 deg initial latitude error

12 LONERR 0M0 deg initial longitude error

13 CVD1 0.06 i/s first vertical damping
coefficient

14 CVD2 0.00162 1/s2  second vertical damping
coefficient

15 CVD3 0.0000162 1/s 3  third vertical damping
coefficient

(b) Common Initialization File (PFILE)

FORTRAN unit number: 7

FORTRAN format: 15, F20.10

Index Variable Default Units Description
Value

1 WE 0.729211514E-4 rad/s earth rotation rate

2 RE 20925640.0 ft earth radius

3 G 32.2 ft/s 2  nominal gravity

4 PRNTDT 6.0 s printing frequency

5 ILAT 0.0 rad initial latitude

6 ILON 0.0 rad initial longitude

7 WONDER 0.0 rad initial wander angle

8 IH 0.0 ft initial altitude above

sea level
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Default
Indox Variablo Value Units Description

9 ROLL 0.0 rad initial roll angle

10 PITCH 0.0 rad initial pitch angle

11. YAW 0.0 rad initial yaw angle

12 DROLL 0.0 rad/s first-time derivative of
roll

13 DPITCH 0.0 rad/s first-time derivative of
pitch

14 DYAW 0.0 rad/s first-time derivative of
yaw

15 IV(l) 0.0 ft/s initial velocity (Vk) -
EAST

16 IV(2) 0.0 ft/s initial velocity (VY) -

NORTH

17 IV(3) 0.0 ft/s initial velocity (vZ) - UP

18 IAX 0.0 ft/s2  initial specific force in
body frame (AX) - EAST

219 IAY 0.0 ft/s initial specific force in

body frame (AY) - NORM

20 lAZ 0.0 ft/s initial specific force in
body frame (AZ) - UP

(4) Call-Line Data

IN

T, IENDF, DVI, ALTO, tai,

OUT

NAVLAT, NAVLON, NfA, NAVII, NAVP, NAVR, NAVHD)

OUT
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(a) Call-Line Input

Variable Units Data Type Description

T s REAL current simulation time

IENDF logical INTEGER last-pass indicator

DVI ft/s REAL quantized integral of
vehicle specific force in

the inertial frame

ALTO ft REAL indicated altitude from
baroaltimeter

DCM unity REAL direction cosine matrix
(body to earth-fixed frame
transformation)

(b) Call-Line Output

Variable Units Data Type Description

NAVLAT deg REAL computed navigational latitude

NAVLON deg REAL computed navigational longitude

NAVV ft/s REAL computed navigational velocity
vector in ENU frame

NAVH ft REAL computed navigational altitude

NAVP deg REAL computed navigational pitch

NAVR deg REAL computed navigational roll

NAVHD deg RFAL computed navigational heading

(5) Formulation

(a) Initialization Function

The initialization switch, INITSW, is initialized to zero in a

DATA statement. The following functions are performed on the first pass,

if INITSW =0, IENDF= 0, and if the module operating cycle time has elapsed.
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* Read and print initialization file (IFILE).

* Read common initialization file (PFILE).

* Set OFILE = XFILE.

Initialize for vertical damping.

H = IH + ALTERR

HB - ALTO

OHB = ALTO

DELH = HB - H

VDMP = CVD3* DELH * DT

NUP = 0

NORTH m 4

Add errors and convert uits of latitude and longitude to radians

INAVLA = ILAT + (LATERR/RDTODG)

INAVLO = ILON + (LONERR/RDTODB)

where RDTODG = 57.29577951 deg/rad

The initial up, east, north (UEN) wander angle to earth-fixed trans-

formation matrix, A, is computed and printed.

COSLT*COSLONc -CALF*SINLON - SALF*SINLT*COSLONI SALF*SINLON - CALF*SINLT*COSL0N

A - COSLT*SINLON COSN*CALF - SALF*SINLT*SINLON -SALF*COSLON - CALF*SINLT*SIN

SINLT SALF*COSLT COSLT*CALF

where
SINLT = SIN (INAVLA)

COSLT = COS (INAVLA)

SINLON = SIN (INAVLO)

COSLON = COS (INAVLO)

SALF = SIN (WONDER)

CALF = COS (WONDER)
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Add velocity errors to velocity

NAVV = IV + VERR

and compute initial earth-relative velocity in U2NI- wander-angle

frame.

V(l) = NAVV(3)

V(2) = CALF * NAVV(1) + SALF * NAVV(2)

V(3) = -SAIY'*NAVV(1) + CALF * .'Nk(2)

Compute the mid cycle altitude, XH

XH = H + 0.5 * V(1) * DT

Compute the initial angular velocity, RHO, of the UEN wander angle

earth-fixed frame in the UEN-wander angle frame.

Set RHO(l) = 0.0

Call angular velocity computational subroutine (Section 7b)

CALL ANGVEL (V, CALF, SSLAT, H, RHO)

where the input variables are

V = initial earth relative velocity vector

CALF = COSINE of the wander angle

SALF = SINE of the wander angle

SSLAT = SINE of the latitude squared

H = altitude

and the quantity output is

RHO = angular velocity of the UEN-wander angle earth-

fixed frame.

(See Section 7b for subroutine ANGVEL description.)
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corre te copttoa oieta rm rate by DT and coriolis

where the input variables are

A =UEN-wander angle to earth-fixed transformation

RtHO = initial angular velocity in UE1N WA frame

V = initial earth relative velocity

DT module operating cycle

and the output variables are

THG computational fxame with respect to inertial frame

rate times DT.

WV coriolis correction

(See Section Ic for subroutine TORCOR description.)

To extrapolate A to mid computation cycle and restore as XA

first define TRY and THZ# the Yi and Z components of the angular rate

times DT at mid cycle.

THVa Ro(2 * bTI/2

TIIZ w W10(3) *DT/2-

Potm thle update mattix, Z42[Yr

CALL AUP (THY, THZ. 142DT)
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and

CALL MM (A, M2DT, XA)

to update the transformation matrix, A, to XA matrix. (See Section 7d

for subroutine AUP description).

'I ~ Extrapolate the wander angle, ALF, to mid computation cycle

DALF =(V (2) *SINLT *DT/2)/(RE *COSLT)

where

V(2) east velocity component

SU4IJT SINE of the latitude

DT module operating cycle

RE earth radius

COSLT COSINE of the latitude

A: and calculate

XSALP SALF + DALP CA

X(CAW m CAL3V - OWL SAWJ

compute gravity at mid computation cycle

CALL GRAy WoC Xli, XSSLATe GRY

where the input variables axe

XA -mid computation cycle UE1N-M to earth-fixed~

transformation matrix

X&L the mid coi~putation cycle altitude



and the output variables are

XSSLAT = SINE of the latitude squared at mid computation

cycle

GR = gravity vector at mid computation cycle in the

computational frame

(See Section 7e for subroutine GRAV description).

Compute the coriolis correction, WXV, at mid computation cycle.

CALL TORCOR (XA, RHO, V, DT, THG, WO)

where the quantities are described above.

The quantized integral of specific force, DVI, is initialized

for the accumulation at the algorithm (AIG) module cycle time.

DVI = (0.0, 0.0, 0.0)

The units of initial latitude, ILAT, and longitude, ILON, are converted

from radians to degrees and restored as

ITEMP1 = ILAT * RDTODG

ITEMP2 = ILON RDTODG
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The initialization switch is reset,

INITSW = 1

and the simulation time incremented

TLLN = T + DT

The subroutine returns to the main program.

(b) General Function

The following functions are performed every module operating

cycle.

The quantized integral of specific force, DVI, is transformed from

inertial to earth-fixed coordinates at the mid-computation cycle.

or DVE = Z(WET) * DVI

CWET SWET 0 1
DVE = -SWET CWET 01* DVI

0 0 1

where

CWET = COS(WET)

SWET = SIN(WET)

and WET = 14E * (T -DT/2)

and DVE is further transformed to DVC or from earth-fixed to computational

frame at mid-computation cycle.

DVC = VE * XA

The velocity from the previous pass is restored as OV.

V -1V
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The velocity, V, is now updated in the UEN frame for the wander angle - 0.

v = 0V + m;C+ WV + G*DT

and a vertical damping term is added

V = V + (VDMP + CVD2 * DELH) * DT

The velocity and its value on the previous pass are averaged to

obtain an interpolated value, HV

HV = (V + 0v)/2

and extrapolated to obtain XV

XV (3 * V - OV)/2

To compute the angular velocity, RRO, the subroutine ANGVEL is called,

(see Section 7b).

CALL ANGVEL (HV, XCALF, XSALF, XSSLAT, XH, RHO)

where the arrangements are

HV = the average velocity

XSALF = SINE of the mid-computation cycle
wander angle

XCALF = COSINE of the mid-computation cycle
wander angle

ASSLAT = SINE of the latitude squared

XH = the mid-computation cycle altitude

RHO = the angular velocity

Using the angular velocity, RHO, the computational to earth fixed
*

transformation matrix, A, is calculated.

First, THY and THZ arc defined,

THY = RHO(2) * DT

THZ RHO(3) * DT
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and the A matrix update subroutine is called to obtain the matrix, M2DT

*

CALL AUP (THY, THZ, M2DT)

The matrix multiplication of the old value of the A - matrix is
* *

multiplied by M2DT to obtain the matrix, ATEMP

ATEMP = A * M2DT

* *

and ATEMP is restored as the updated matrix A

A = ATEMP

The update counter initially set to zero is incremented

NUP = NUP + 1

The orthonormalization of the transformation matrix, A, is by passed,

when the update counter, NUP, is less than the orthonormalization parameter,

NORTH

IF (NUP .LT. NORTH)

On an orthonormalization pass, reset

NUP = 0

and the A transformation ma-rix is now orthonormalized

A = A - 1/2 * A (A A - I)

and AV set equal to A to obtain the A matrix in row vector form.

NAV = A
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The extrapolated mid-computation cycle altitude error is calculated,

DELI = XHB - XH

from the error between the extrapolated barometric and the computed altitude.

The vertical acceleration error, VDMP, is

VDMP = VDMP + CVD3 * DELH * DT

The computed altitude, H, is stored as the variable NAVH

NAVH = H

The computed latitude, NAVLAT,

NAVLAT = ARCTAN(A(3,1)/(A(l,l) 2 + A(2,1) 21/2

the computed longitude, NAVLON,

NAVLON = ARCTAN(A(2,I)/A(l,l))

/

and the wander angle/ ALF,

AtF = ARCTAN(A(3,2)/A(3,3))

I

The wander angle/ from the previous pass is denoted as,

I OALF = ALF

/
and the mid-computation cycle value of the wander angle is,I

/

/ DALF (OALF + ALF)/2/
/

From the 4ander angle, ALF, are calculated,

CALF = COS (ALF)

/ SALF = SIN (ALF)
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Now the transformation matrix, A, is extrapolated to mid-computation

cycle. THY and THZ are set equal to half of their respective value.

THY = THY/2

THZ = THZ/2

* *
and the A matrix update subroutine is called to obtain the M2DT02 matrix.

(Section 7d)

CALL AUP (THY, THZ, M2DT02)

The updated transformation matrix, XA, is formed in the matrix multi-

plication,

* * *

XA = A * M2DT02

An updated altitude, H, is calculated from the mid-computations cycle

vertical velocity and the error in the extrapolated values of the calculated

altitude and the barometric altitude.

H = H 4 (HV(1) + CVDl * DELH) * DT

An extrapolated altitude XI! is calculated

XH = H + V(l) * DT/2

The barometric altitude, ALTO is redefined as HB

HB = ALTO

and the extrapolated barometric altitude is calculated

XHB = (3*HB - OHB)/2

where

OHB = HB, the barometric altitude on the
previous pass
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and the extrapolated values of CALF and SALP are calculated from

XSALF = SALF + DALF * CALF

XCALF = CALF - DALF * SALF

and the computed velocity vector, NAVV, is tranformed to ENU fram

or

NAVV = Z(-ALF) * V

CALF -SALF 0
NAVV =

SALF CALF 0 * V

0 0 1

Gravity, GR, extrapolated to mid-computation cycle is calculated by the

subroutine,

CALL GRAV (XA, XH, XSSLAT, GR)*

where XA = the mid-computation cycle extrapolated
transformation matrix

XH = The mid-computation cycle extrapolated
altitude

XSSLAT = The mid-computation cycle extrapolated
squared sine of the latitude

GR = the gravity vector at mid comp cycle.

The angular velocity, RHO, is calculated by the subroutine

CALL ANGVEL (XV, XCALF, XSALF, XSSLAT, XH, RHO)

where X-, XCALF, XSALF, XSSLAT, a id XH arc quantities extrapolated to

mid-computation cycle.

Using the angular velocity, FH-, the subroutine TORCOR is called to

calculate the vector, TH, which defines the computation to inertial frame

rates times DT., and the coriolis corrections, WXV, at mid-computation cycle.

CALL TORCOR (XA, RHO, XV, DT, THG, WXV)
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The quantized integral of specific force, DVI, is reinitialized for

the accumulation at the algorithm (ALG) module cycle time.

DVI = (0.0, 0.0, 0.0)

The body to computation frame transformation (attitude) matrix,

DTEM, is calculated

* A*T *
DTEM A * DCM

The computed attitude angles are extracted. First the computed pitch

angle, NAVP

NAVP = ARCTAN(DTEM(1)/DEN)

where

DEN = (DTEM(2)
2 + DTEM(3) 2 )1 / 2

The computed roll angle, NAVR,

NAVR = ARCTAN(DTEM(2)/DTEM(3))

and the computed heading, NAVHD,

NAVHD = ARCTAN(DTEM(4)/DTEM(7)) - ALF

If DEN = 0.0, the pitch is ±900, the previous attitude values are

output, the simulation time is incremented, TLLN = T + DT, and the sub-

routine returns to the main progrhm.

Otherwise the computed attitude and position values are converted

from radians to degrees.
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ITEMPI = NAVLAT * RDTODG

ITEMP2 = NAVLON * RDTODG

ITEMP3 = NAVP * RDTODG

ITEMP4 = NAVR * RDTODG

ITEMP5 = NAVHD * RDTODG

and NAVH, NAV-, ITEMPi, ITEMP2, ITEMP3, ITEMP4, ITEMP5, A and DTEM are
printed, and the simulation time incremented

TLT24 T + DT

The subroutine returns to the main program.

(6) Output

(a) Print

FORTRAN unit number: OFILE 6.

On the initialization pass the title "NAVIGATION INITIALIZATION"

ard the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when

PRNTSW > 1. See Section 2.2 for print control logic. The printed output

is as follows,

Variable Units Description

NAVH ft computed navigational altitude

NAW ft/s computed navigational velocity vector
in ENU frame

'NAVLAT deg computed navigational latitude
NAVLON deg computed navigational longitude

HAVL deg computed navigational litu

NAVP deg computed navigational pitch

NAVR deg omputed navigational roll



Variable Units Description

NAVHD deg computed navigational heading

A unity the UP, east, north wander angle
(Computational) frame to earth-fixed
transformation matrix

DTEM unity the body to computation frame
(attitude) transformation matrix.

(7) Subroutines Called

(a) MTXM = matrix transpose by matrix multiplication. (See Vol. III

Section 2.3.15)

(b) Angular Velocity (ANGVEL)

This subroutine computes level components of the vehicle angular velocity

due to its motion with respect to the earth.

Call Line Data

INPUT

AVEL, ACALF, ASALF, ASSL, ALT,

Output

Call Line Input

Variable Data Type Description

AVEL REAL earth relative velocity vector

ACALF REAL COSINE of the wander angle

ASALF REAL SINE of the wander angle

ASSL REAL SINE of the latitude aquared

ALT REAL altitude
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Call Line Output

Variable Data Type Description

RHO REAL angular velocity vector in
UEN - WA frame

Formulation

Compute the east and north components of the earth relative velocity

in the UEN -WA frame

VE = ACALF * AVEL (2) - ASALF * AVEL (3)

VN - ASALF* AVEL (2) + ACALF * AVEL (3)

Calculate the radii, RM and RP, of curuature of the WGS-72 earth model for

the meridional plane (N-S) and the prime vertical plane (E-W), respectively,

RP ALT + RE/(I-FSQ * ASSL)

RM = ALT + RESQ/(l-ESQ * ASSL) 3/ 2

where

RE 2,0925640E7, the earth's radius,

EPQ 0.006694317778, the square of the
zccentricity of the earth's meridional
ellipse.

RESQ 2.078555712E7, RE * (I-ESQ)

Now the east and north components of the angular rate, WE, and WN,

are calculated

WE - -VN/M

WN VE/RP

and are converted to the angular velocity, RHO, of the UEN-WA frame with

respect to the earth-fixed frame.
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RHO (1) 0.0

RHO(2) = ACALF * WE + ASALF * W

RHO(3) = -ASALF * WE + ACALF * WN

(See flow chart, Figure 2).

(c) Angular Velocity by DT and Coriols Corrections (TORCOR)

4 This subroutine computes computational to inertial frame angular

velocities times DT and the coriolis corrections.

Call Line Data

INPUT

A, RHO, V, DT,

THWXV

Call Line Input

-i Variable Data Type Description

A REAL UEN-WA earth-fixed transformation

R-O REAL angular velocity vector in UEN-WA frame

* I V REAL earth relative velocity vector

DT REAL module operating cycle

Call Line Output

Variable Data Type Description

THG REAL Computational frame with respectI to inertial frame angular rate times

RDT

WXV REAL coriolis correction
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Figure 2. Angular velocity comiputation module (ANGVEL)
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Formulation

Calculate the earth rate signals, EAR, in the computational frame.
.1 I

EAR(l) = A(3,1) * *DT

EAR(2) A(3,2) * WE* DT

EAR(3) A(3,3) * WE * DT

where WE = 0.7292115147E-5 rad/sec, the earth rotation rate.

The gyro torquing signals, THG, are

THG =EAR + RHO DT

and the angular velocity (for WXV), THE,

THE THG + EAR

Compute the vector cross product of the anqular rate and the vehicle

velocity to obtain the coriolis correction, WXV, for the velocity update.

WXCV T44EX V

1,f (See flow chart, Figure 3).

(d). DCM Second Order Update Matrix (AUP)

This subroutine forms the second order update matrix for the local

vertical-wander angle computational to earth fixed frame direction cosine

matrix (DCM).

Call Line Data

INPUT

DY, DZ,

MUP

OUTPUT
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Module (TORCOR)
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* Call. Line Input

mVariable Data Type Description

DY REAL Y-axis increment

DZ REAL Z-axis increment

Call Line Out

*Variable Data Type Description

IIUP REAL Second order update matrix

Formu lati on

Calculate the second order update matrix, MO*P

lDY3 + tw / -lIZ W D

MOP lI j -0Z2 /2 'DY * lZ/a2
-Dy DY *DZ/2 1 l-0Y 2/2

(See flow chart, Piguro 4).

(e) Gravity CotqpUtation,(GRAV)

This uruieccuoo.hoccmoet of gravity in the computational

Crams using the WGS-72 ellipsoidal earth modal.

Call Line Data

INPUT
AM# ALT,

SSL,G

OUTPUT
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V,

- ~Call LineInu

variable Data Type Description

Ih AM REAL computational frame transformation
matrix

ALT REAL altitude

Call Line Output

Variable. Data Type Description

.SLREAL AM (3,l1) squared

* G REA grAvity vector-

5, ..Formulation

Defirie SSL AM(3,1}2

and COEF 1663E-S ALT *AM(3*1)

Calculate the th~ree components of gravity# G, in the compoutational

frame.

GMl -0.(2.087705? + 0.16939091 *SSL + 7,5281IE-4 *SS'L)

*(1- (9.6227F -8-S-5-6. 408L'-10 S SL) *ALT

2
+ 6.8512E~-15 *ALT

G(2) COEP AN (3,2)

GM3 COILW A4 (3 3)

See flow chart, Figure 5)
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(f) Matri)' Multiply (MM)

This subroutine forms the product of two 3x3 matrices.

Call Line Data

INPUT

A,8

OUTPUT

Call Line Input

. Variable Data Type Description

A REAL first matrix

1- REAL second matrix

Call Lne Outut

Variable Data Type Description

C REAL product of input matrices

-:omulation

Compute matrix products, C

(So flow chart, Figure 6).
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MULTIPLY

A *B =C

IRETURN

FiLgure 6. Matrx Multiply Module (NN1)
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2.3.14 EVALUATION MODULE (EVL)

(1) General Description

This module was included to provide the user with a means of per-

forming an error analysis of-or otherwise manipulating--the INSS tra-

jectory and navigation data during a simulation, or collecting Bintula-

W,' tion data for post-run analysis. The EVL module simply computes and

prints a table of navigation and attitude errors and trajectory param-

eters every 50 module-operating cycles. The printing frequency is based

on the user-specified operating-frequency time (DT).

(a) Mo$~dule Initialization File (IFILS)ri FORTRAN unit number: 90

FORTRAN format: 15, P20.10

index Variable Unitsl DescriptionValue

1n D_________0 ___a _ module operating cycle time



(3) Call-Line Data

INPUT

T, IENDF0 tAT, LON* ALT2, VEL, DVT, PITCH,, ROLL, YAW, WONDER, NAVL

INPUT

NAVLON, NVV, NAM, NAVP, NAVR, NAVHD)

(a) Call-Tine 
Input

Variable Units Data Type Description

T s REL current simulation time

IENDF logical REAL last-pass indicator

LAT rad REAL geodetic latitude- "true%
LON rad REAL geodetic longitude "true"

ALT ft REAL altitude above sea level -
"true"

J..t/s REAL velocity vector in body frame -
"true"

DVT ft/s REAL quantized inteqral of specific

force in ENU fraft - wtrue"
!PXTC rad REAL vehicle pitch - "true"

ROLL rad REAL Vehicle roll - "true"
YAW rad REAL .- hi le yaw - "true"

WONDER rad REAL Vehicle wander angle - "true"
(clockwise from north about
the local vertical up axis)

NAVLAT rad REAL .oputed navigatioal latitude
NAVIAO rad REAL cmuted navigational longitude

. .AVU ft REAL co~uted navigational altitude
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Variable Units Data Type Description

NAVP rad REAL computed navigational pitch

NAVR rad REAL computed navigational roll

NAVRD rad REAL computed navigational heading

(b) Call-Line Output

There are no output parameters in the call-line argument list.

(4) Formulation

(a) Initialization Function

The initialization switch, INITSW, is initialized to zero in a DATA

statement. The following functions are performed on the first pass, if

4INITSW 0, IENDF 0, and if the module operating cycle time has elapsed.

0 Read and print initialization file (IFILE),

* Read common initialization file (PFILE)

* Set OFILE - XFILE.

4..1 lTe initialization switch is set, INITSW 1 1, and the current simu-

lation time is incremented,

TEVL T + OT

Now the subroutine returns to the main grogram.

(b) Genoral Fuiction

The following funtions are performed every module operating cycle.

The 13 trajoctorv and the 9 navigation error parawter are arrayed

in 50-element vector form and the Uwit converted to units convnient for

interpretation.
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XT (N) T (S)

XLAT (N) LAT * IDTODG (rad to deg)

XLON (N) LON *RDTODG (rad to deg)

XALT(W = ALT (ft)

XVELX(N) =VEL(l) (ft/s)

XVELY(N) = VEL(2) (ft/S)

XVELZ(N) VEL(3) (f/S)

XDVTX (N) =DVT(l) (ft/S)

XDVTY(N) -DVT(2) (ft/8)

XDVTZ(N) -DVT(3) (ft/s)

XNEAD(N) - (YAW-WONDER) *RVTLODG (rati to deg)

XPITCH(N) *PITCH* RDTDG (rad to deg)

XROLL (N4) M)ILL RM IUrDG (rad to deg)

Tito navigationi error% aro the differences between the *true" position

and Attitude valuos andi the corresponding co~uted navigational valuer; in

k their appropriato units.

ELAT(N MAT-~NAVIAWKE1 (rati to it)

ELAMt4 M (Wt4-tAVL04)*1kE*C0S(LAT) (rtad to ft)

E:ALT(NM ALT N.tAVII (it)

EVELX(N) VEL(I) - NAVVMl (ftS)

M V(N) kaVEL(2) - tNAW(2) (-Ft/s)

EVELZ M VEL(3 - I4AVV(3) (ft/s)

FJUEAD(tJ) (YAW - WrONDERf - 14A'.L0D) *36OTI(MI~ (rad to see)

EITCHI(14) 0(PITCU - IAV)*3600'RUDroDG (rad to sF'

ERDLL(N m (1ROLL -NAVR)
036QO0IUY)OB (rad to S v
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SThe listed trajectory and navigation error parameters are computed

and stored for N = 50 module operating cycles. When the 50 lines of
(t trajectory and the 50 lines of navigational error values re collected,

S.each of these pages of data is then printed and written on an unformatted

tape or disc file.

.. The simulation time is incremented

STEVL T + DT

The subroutine now returns to the main program.

(5) output

(a) Print

FORTRAN unit number: OFILE - 6.

, On the initialization pass the title "EVALUATION IZNVIALIZATION" and

the initialization data are printed.

A printed output table is produced every 50 module operating cycles

or on last pass. Thu remaining data is printed, if the print switch,

,.NTSW l 1 A sam)le of the printed output is displayed in Section 2.2.
The printed output consists of the following liat of variables.

Variable Units Description

XT a' current Simulation time

UlAT dog gedotic latitude - "true"

kWI deg geodetic longitude - "true'

" XALT ft altitude above sea level - "true"

XVELX ft/s east velocity copnonent - "true"

tVmELY ft/s north velocity component - "true"

XVELZ ft/s up velocity c mponent - "true"

XIAD dog heading - "true"
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Variable Units Description

XPITCH deg pitch - "true"

XIELL deg roll - "true"

ELAT ft latitude error ("true" - computed)

ELON ft longitude error ("true" - computed)

EALT ft/s altitude error ("true" - computed)

EVELX ft/s east velocity error ("true" - computed)

EVELY ft/s north velocity error ("true" - computed)

EVELZ ft/s up velocity error ("true" - computed)

EHEAD S heading error ("true" - computed)

.PITCII s pitch error ("true" - computed)

EROLL roll error ("true" - co uted)

(b) 3ecod= tora(P PLE)

FOtiTPAN wit nube .12

'ORTRAN formats unfoxnatted

The following output is written on tape or disc on every modulo cycle

for later postprocessing.,

The variable list is identi~al with the printed list above.

(7) Subroutines Called

No subroutines are called.

.
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2.3.15 MATHEMATICAL SUBROUTINES

(1) General Description

The INSS sytem, includes a librar'y of three dimensional mathematical

subroutines that perform vector-matrix operations and random number generation,

All vectors must be dimensioned V(3).* All matrices must be dimensioned H4(9)

- *and stored sequentially by row!-, i.e.,

Z41

"421 M22 1423 M (4) M4(5) 14(6)

N431 M J2 M 33j M (7) !4 (8) ()

(2) Subroutines

The following subroutines are described.

(a) m~atrix Muleipication (MXM)

This subroutine multiplies two 9-alement matrices,

Call Li~ne 1)at,

INPUTr

( H1,12,

143)

OUTPUT

call TA110 Input1

vat Lab I Data Type Description

141 IREAL A3 x 3matrstord byrow as
a 9-element vector

142 R1MA A 3 x 3 matriu stored by row as
a. -eteet vector
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£1 Call Line Output

Variable Data Type Description

43 AEA 3 x 3matrix stored by row as

t a 9-element vector

Formulation

The matrices 141 and 142 are multiplied and stored in matrix H13

143 141 *2

(b) Matrix by Vector Product CMXV)

A matrix time vector product is produced to obtain a vector.

Call TAneL Data

INPUT

MgVl,

OWUT

Cal 1, ille Input

variable Data Type Description

Hi AA A3x 3nmatrix stored by Abnas
nine ealemtent vector

V1 RIAL A 3 element vetor

call Line Outpot

Variable Data Typo Description

V2 EA A 3 absaent vector
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Formulation
*

The matrix, M, is multiplied by the vector, VI and stored as the

vector, V2.

V2 M *V

(c) Matrix Transpose by Matrix Product (MTXM)

A transposed matrix is multiplied by another matrix to obtain a

third matrix.

Call Line Data

INPUT
* *
(Ml, M2,

*
M3

OUTPUT

Call Line Input

Variable Data Type Description

Ml REAL A 3 x 3 matrix stored by row as
a nine element vector

*
M2 REAL A 3 x 3 matrix stored by row as

a nine element vector

Call Line Output

Variable Data Type Description

*
M3 REAL A 3 x 3 matrix stored by row as

a nine element vector
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Formulation

The transpose of matrix, Ml, is multiplied by the matrix, M2, and

stored as the matrix, M3.

* *1T *
M3 M * M2

(d) Matrix Transpose by Vector Product (MTXV)

A transpose matrix is multiplied by a vector to obtain a vector.

Call Line Data

INPUT

V2

OUTPUT

Call Line Input

Variable Data Type Description

M REAL A 3 x 3 matrix stored bv row as
a nine element vector

V1 REAL A 3 element vector

Call Line Output

Variable Data Type Description

V2 REAL A 3 element vector

Formulation

A transpose matrix, M, is multiplied by a vector, Vl, and stored

as the vector, V2.

' T *
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(e) Random Number Generator (GAUSS)

This function computes a Gaussian random number with a given mean

and standard deviation. it is machine independent and will work properly

if the single precision word of the machine is more than 20 bits long.

Call Line Data

INPUT

(MEAN,STD)

Call Line Input

Variable Data Type Description

STD REAL desired standard deviation of the
normal distribution

MEAN REAL desired mean of normal distribution

Formulation

An odd integer seed is selected, initially, as IX = 3. A real number,

FA, is initialized to zero.

Twelve uniformly distributed numbers, FY, from 0 to +1 are calculated.

Those numbers are summed to obtain the real gaussian random number,

FA, which has a mean of 6 and standard deviation of 1.0.

The real random number GAUSS, returned by the function is from a

Gaussian dstribution having a mean value of MEAN and a standard deviation

of STD. It is calculated from

GAUSS = MEAN + STD * (FA - 6.)
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SECTION 3

SAMPLE OUTPUTS

The following sample output has been computed for the default

values in the initialization files.

3-1 Initialization

These pages of printout list each of the module

initialization data used in this run.
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£i I S I-A"~ IS BFST QUALITY' 1WLTV~lrr
P'1boi "CY F1t~M SHMF ro DD C

6/23/78 SAMPLE RUN IZTH DEFAULT DATA

PHYSICAL DATA FILE

WE .72921151D-04 RAD/SEC

ic 20525640. FT

G 32.200000 FT/SEC2

I'UIODT 6.00C0000 SECS

SE .'tCER ItlITZAL1ZATIOI
OT .10000C00 SEC

FIIT51 1.0000000

O'JTi;SU .0

OFILE 6

i?:TDT 6.0000000
M'OF)T 6.0000000

TE ;J 24.000000

DT LOW .20000000D-01

TRAJECTORY INITIALIZATION
OT .10000000 SEC

FPNTSW 1.0000000

O,TSA 0

3'ILE 6

:C3F3T 6.0000000

F11TOT 6.000C000

LATMT)rG) 40.000000

LO'!, DEG) .0

ALT(FT) 2000.0000

VEL(FT/SEC) 1000.0000 1000.0000 100.00000

ROLL(OEGS) .0

PITCH(OEGS) 10.000000

YA:T(EGS) 90.000000
WWRt;3 i. oGs 45.000000
wA(FT/SEC2) -5.58306 5 .11350737D-04 -31.663198

( RAOS/EC ) .53603070-04 .1071158r0-03 .78756353D-04

EtWIRONttENT INITIALIZATION

OT .10000000 SEC

P';VTSW 1.0000000
OUTSW 0

OFILE 6
6.00000006.00000

VIL3U .0

VIEPATIONl GEtERATOR PARAMETERS

VERTICAL LOAD 
AP 

HO

4 PEAVS .136031000-03 3.0000000 13.500000
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T HIS PAGE IS BBST QUAL~TM J1I33
F"J COPFY MWSMi TO DC

.154880000-04 3.0000000 21.000000

.161500000-05 6.0000000 32.300000

.175000000-07 4.0000000 61.500000

LATERAL LOAD
3 PEAKS

.103040000-04 3.5000000 16.000000

.590000000-07 8.0000000 34.000000

.30800000D-08 6.0000000 68.000000

LONGITUDINAL LOAD
0 PEAKS

PITCH RATE
3 PEAKS

E262000000-06 3.3000000 13.500000
.640585000-07 2.0000000 21.000000
.132260000-07 6.0000000 32.300000

YAW RATE PAD
4 PEAKS

.241902500-06 3.0000000 3.0000000A .240015000-07 5.0000000 15.000000

.2365000CD-09 9.0000000 33.000000

.410000000-10 3.0000000 67.800000

ROLL RATE P50
I PEAKS

.720000000-04 2.0000000 2.0000000

GYROSCOPE 114ITIALIZATION
OT .100000000-01 SEC
PPNTSW 1.ooOoo
?M00POT 6.0000000
FRNTDT 6.0000000
OUTSW 0
OFILE 6

CoaX 1.0000000 .0 .0
.0 .0 1.0000000
.0 -1.0000000 .0

QGBY = .0 1.0000000 .0
1.0000000 .0 .0
.0 .0 -1.0000000

QG5Z .0 .0 1.0000000
1,0000000 .0 .0
.0 1.0000000 .0

QUANT .700000000-04 AICSEC

K .310000000,10 G0 CtWJjt~gSECWu*
S226.00000 01 Ct016
DELZ 14.000000 am CI1=2
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1MHI S PAGE IS BEST QUAI2Y 4S4b
1M.O3-fWISHM TO DDO -

cc 7000000.0 DYNE CM/PAD/SEC
H 151000.00 GMl CM4*2/SEC

U4  x Yz
K! 112C000 1120000 .120000 DEG/HR/G

j0- . 320)00000-01 - .3'0000000-01 -.320000000-01 OEG/Ho/G
KS -. 62000000o - .62000000 -. 6u^GC0000 0EG/W,7/0
K!! .0 .0 .0 OES/I'!P/G46*2,

V3- .300000000-01 -. 330000000-01 -. 300000000-01 DEGT(;/G**2,
vI'3 .0 .0 .0 DGK/*2
visI .:1000000 .2100000 .21000000 ME/HP/GM-2,
KCS -. 750000000-OZ - .750000100-02 -, 75OCoCOOO-02 CEG/F-4/3*42,
DIAS -. 31001000 - .3120000 -A .noo0C DUMPH

V . .0 .0 .0 IDE'%/HP)442
srro , -eo.oooooo -20.000000 -20.000000C F

UO -54.0000co -54..000000 -54.0000CO PPM
*r~pl .0 .0 .0 F1/RAD/SEC
orUM , .0 .0 .0 PF-ll/FA0o/SEC

TAl1 .0 .0 .0 020/HR
TPtUTC 200.00000 200.00000 200.00000 SEC

DIASTC 40.00000)0 SEC

ACCUMM0~ETER INITIALIZAT!ION
OT .1c0cocol-ol SEC

VNITSW 1.00co:00
6.OC CO

PJOT 6.000000

UOPILE 6
N1.0:00000 .0 .0

.0 .0 1.0000000
.0 *1.0rc~oo0 .

QsAY u .0 1.0000000 .0
1.0000000 .0.0-
.0 .0 .0.c0

90AZ .0 .0 1.0000000

1.1.000000. .0

V DELI .0i if

co 4.5000.00 Do: G~Cl.:R0SECu~ O li ~~
h~~c 1.000000 01M

.0 .0 . Io I

9 .0 .0 .

M.0 .0 11ZCO/
LAA 00,00000 400.00000 0:0.00000 ;t.!CFCD G04V .0 .0 1.0 ( 0 44~2

SPOPO 10.000000 10.000000 10.000300 P11
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MBIS PAW 16 BBS2 QUALITY PFACTIOAS3
FM WPY MoSMIslE ?O nTO ._

SFGMO 10.000000 10.000000 10.000000 PPM
SFGP1 .0 .0 .0 PPM /G
SFGMI .0 .0 .0 PPM /G
RX 1.0000000 .0 .0 FT
RY .90000000 .0000000 .0 FTRZ .90000000 .0 .20000000 FT

iORDER 0

ALTIMETER INITIALIZATION
DT .10000000D-01 SEC

PrNTSW 1.0000000
OUTSW 0
OFILE 6
PRNTOT 6.0000000
CODFDT 6.0000000

N140isw 0

ALTIMETER UNCERTAINTIES

TC 40.000000
UOrFT-2) .39999999E-13
Ul(SEC4/FT) .ZZ999998E-07

U(FT2) 17000.000
U3 .62499933E-09
U4(FT2) 97.000000

REAER INITIALIZATION
DT .99999079E-02 SEC
FRNTSW 1.0000000
OUTS1 .0
OFILE 6
ttor0T 6,0000000
PRNTOT 6.0000000

ACC COMIPENSATION 1INITIALIZATION
OT -100000000-01 SEC
FfNT5W 1.0000000
OUTS1l 0
OFILE 6
SPARE .0
,OOPOT 6.0000000
PRNTDT 6.0000000

DELI .0 G"i CH4142
x y z

DIAS 890.00000 890.00000 890.00000 NYCEO GSKIz .40000000 .4000000 .0000000 MICRO G0Gw

hi c .70000000 GM CM
-Ik 5.0000000 Gh CHw"2
QA9X 1.0000000 .0 .0

.0 .0 1.0000000

.0 -1.0000000 .0QABY .0 1.0000000 .0
1.0000000 .0 .0
.0 .0 -1.0000000

QAOZ .0 .0 1.0000000
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" 1.0000000 .0 .0
.0 1.0000000 .0

10 1.000000 .0 .0
.0 0.0000000 .0
.0 .0 1.0000000

SFMO 10.000000 10.000000 10.000000 PPM
srM1 .0 .0 .0 PPM /G
srro 10.000000 10.000000 10.000000 PPM
sFr1 .0 .0 .0 PPM /
RX 1.0100000 .0 .0 FT
Y .8000000 .19000000 .0 FT

RZ .91000000 .0 .19000000 FT

GYR CCOMPINSATION INITIALIZATION
VT .100010000-01 SEC
O':T54: 1.o0000000

CUT 0
U:XLE 6
H IFOT 6.000COOO
P.%[:TOT 6.0000000

x y z
DIAS -.34000000 -.14000000 -.34000000 DEG/HR
3F1O -30.00000 -30,000000 -30.000000 PPM
s llo -44.000000 -44.000000 -44.000000 pptl

CM 1.0000000 .0 .0
.0 .0 1.0000000
.0 -1.0000000 .0

Ocoy .0 1.0000000 .0
1.0000000 .0 .0
.0 .0 -1.0000000

.0 .0 1.0000000
1.000000 .0 .0
.0 1.0000000 .0

1. .C0ooooo .0 .0
.0 2.0000000 .0
.0 .0 1.0000000

KI Z.1600000 1.1600)00 1.1600000 DEG/IR/G
KO -.30000000-01 -.37000000-01 -,370000000-01 OEG/II(/G
KI -.66000000 -.66000000 -.46000000 0EG/1I;/G
K!! 0 .0 .0 DcN/W8
KIS .600000000-01 .000000O0-01 .600000000-01DE0..ItP/CWa,
403 .-.15700000O-01 -.150000000-01 -.150000000-01 I)EG/lIP/G4O ,
KOS .0 .0 .0 DO / O
KI0 .0 .0 .0 DEG/M/G -01ti 151000.00 OfI CH1 E/$C
DCLI 14.000300 ch CtHI2

9:.00000 G" C"1'0
OFMI .0 .0 .0 PPtI /RAD/SEC
SFPI .0 .0 .0 Pit /AD/SEC
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AMO Wn ilSHED TOD DDQ

QI3: 0.6636424 -0.70710678 -0.12278780
0.64C564!5 0.5416752 0.53896131

-0.314 M2C -0.45451948 0.83333299
ALGORITH IU 1IALIZATON

or .0000000 SEC
PRt;TSW 1.0000000
CUMW 0
OFXLE 4

"J COMM 1.0000000
I1DOPOT 6.0000000
PRNTDT 6.0000000
SUAT .0 .0 .0 .0
ORDER 3
DTtI 4.0000000
LA7EPR .0 DEG

.0 DEG
tt.?"lPR .0 DEG
PITERR .0 DEG
ROLNIR .0 DEO
YAUEFR .0 DEG

A TRANSPOSE
.76604444 .0 .64278761

-. 45451940 .70710678 .54167522
-. 45451940 -. 70710678 .54167522

NAVIGATION I1ITIALIZATION
II PRHTSW 1.0000000

OUTCI4 .0
OFILE 6
SPARC 0t -NPRTDT 6.0000000
CVoll SEC-i) .600000000-01
CVO2(SEC-2) .16200007D-02
CV0331 SEC-3) .162000000-04

INITIAL VEHICLE POSITION
HIFMh 2000.0000
ALTERRIT) .0
V(FT/SzC 1000.0000 1000.0000 100.00000
VERRIFT/SEC) .0 .0 .0
LATI DEGS) 40.000000
LA1TEI OEGS) .0
Ltol(EGS ) .0

LONERRKMEG5) .0

It EVALUATIOI INITIALIZATZON
DY .10000000 MEc
PR)IYSJ 1.0000000
OUTEtA 0OFILE 6
P, fT01 1.0000000

v.,
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1 13.2 MODULE

This sample page printed out every PRN;TDT or MODPDT interval

I 1display the values of significant variables at the printing time for

>1 I each of the modules.

1
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6/43/76 SAMPLE RUN WIZTH DEFAULT DATA

SEQ or TIM.-z .10000000

.0 7RJ V, AP(FT/SEC2) 5.5614927 .18130318 31.56426

W(RAD/SEC) .53860785D-04 .107115590-03 .787570260-04
LAT(DECS) 40.000274
Luil DoE3, . 356901650-03
ALF(DEGS) 4.4.999771
ALT(FT) 2010.0000
VEL(FT/SEC) 1000.0000 1000.0000 100.00000
VIFT/SEC) -.127841500-01 .13055992D-02 3.o944o.o5

QZ .69635999 .64506335 -.31460459
-. 70711293 '4.J167304 -.045'51951
-.12277654 .53896530 .83333206

W* E4V u* ADIFT/SEC2) 5.5614927 .18130318 31.456426
W3(RAD/SEC) .538607050-04 .107115590-03 .787570280-04
AtMIFT/5EC2) 5.5614927 .18130318 31.456426
...:( PA/EC) .530607850-04 .107115590-03 .787570280-04
W;D0OT(R/SZI .478246370-08 -. 255999640-00 .674477150-08

UN GYR NM DTHETAIRADS) .545604470-05 .105015430-04 .749904950-05

NO ACC 04 DVIFT/SEC) o55.78749 .IS0564690-01 3.1'25001

e* ALT U ALTiFT) ,010.0000

00 002 NM V4FT/SECI 5S5278749 .150S64690-01 3.1425001

DTtETAI (AOS .545604470-05 .105015430-04 .749904950-05

NCAC 00 OV (FT/.1EC .5556S060 .179224120-01 341453971

S*0 CGY V OTHETA IAI s $37c3300o-05 .107301130-04 .787876?10-05

.d ALO 0 DVIW FIEC) 2.43 ,064 -.119321910-01 2.0633971

0CI -.31459953 -.45451768 .63333116
IA .69636228 -.70710961 -. 12271861

.64506334 .54167303 .53096532

NLU4 "( NFYI 11,01.0000
ViT/~c 99.994 999.99954 ".9171

ALATIB2GS1 40.00V274
Loill bES) . 354901000-03

P1TCtiIDEGS1 9. 9999989
ROLL(0EOSI -. 616306260-06

HEAO 11.61OCOS ) 46.000000

A *ANSP 1E
,7460(46 .4,73717630-05 .64279126

-.4545190 -.70710678 .54167521

OTEnI!.17'364,016 -, 1,0307E.50-07 ,.95,80776
S.9 0776 -,,,0045S901-05 -,i736,94816

.39.01710-o5 1.0000000 -,681566670-06

!3-I
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3.3 EVALUATION

Two samp~le pages display the 50 module cycle computations of

trajectory parameters and navigational errors.
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